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1 Abstract

Carbohydrate-lectin interactions mediate a great number of important biochemical processes like
inflammation, immune response, fertilization and blood group determination. Glycomimetics such as
glycopolymers presenting several carbohydrate ligands on a synthetic scaffold have been shown to be
useful tools to investigate carbohydrate-lectin interactions and learn more about the underlying
multivalent binding mechanisms. Furthermore, glycomimetics have a great potential as modulators in

biomedical applications such as in vaccination or biosensing or might serve as alternative antibiotics.

Previously Hartmann et al. introduced a new class of glycomimetics based on the solid phase synthesis
of monodisperse, sequence-controlled glycooligo(amidoamines). Predominantly mannosylated and
galactosylated glycooligomers were investigated to explore fundamental aspects of their multivalent
binding behavior to the plant lectin Concanavalin A. However, multivalent carbohydrate-lectin

interactions are also important in many adhesion and infection processes of pathogens.

Therefore, in the present work, the synthesis of glycooligo(amidoamines) has been extended to yield
glycomimetics targeting two crucial pathogenic lectins; on the one hand the viral capsid protein
P-dimer of human Norovirus, which represents the major cause of non-bacterial gastroenteritis
worldwide. The second lectin is LecB, that is expressed by the hospital bacterium Pseudomonas
aeruginosa, which often exhibits antibiotics resistances caused by the formation of dense biofilms.
Both lectins bind fucosylated glycans on cell surfaces, most of all as part of the histo blood group

antigens (HBGA).

Thus, fucosylated glycooligo(amidoamines) were synthesized for studies of their binding and inhibition
behavior towards P-dimer and LecB. In order to address the lectins binding pockets (a) a series of
homomultivalent fucosylated glycooligomers has been created and (b) a new double-clickable building
block was developed for (c) the facilitated solid phase polymer synthesis of heteromultivalent

fucosylated glycooligomers to mimic more complex glycan structures such as HBGA (see Figure 1).

The homomultivalent fucosylated glycooligomers were generated following previously established
protocols of solid phase polymer synthesis (SPPoS) and Cu-mediated conjugation reaction using an
alkyne-functionalized building block and an azide-functionalized a-L-fucose ligand. Glycooligomers
with different valences (number of fucose side chains) with one up to six fucose units, with varying
spacing exhibiting no or up to three ethyleneglycol-based spacer building blocks between the fucose
units as well as with differing overall oligomer chain lengths ranging from four up to nine building

blocks were successfully synthesized.



In addition, a new strategy for the construction of heteromultivalent glycooligomers was introduced
by the development of the new functional double-clickable building block iso-DTDS. This building block
exhibits a phenylene branching unit in the side chain with two alkyne groups in meta-positions of which
one is equipped with a TIPS protecting group. This enables the consecutive attachment of different
carbohydrates in high proximity to each other. iso-DTDS was successfully applied in SPPoS for the
synthesis of heteromultivalent fucosylated glycooligomers as multivalent mimicry of more complex

carbohydrates like HBGA (blood group antigens A and B and sLe?) as well as 2 fucosyllactose.
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Figure 1: Schematic representation of homomultivalent fucosylated glycooligomers (a), building blocks containing
the generated iso-DTDS building block (b) and heteromultivalent fucosylated glycooligomers based on iso-DTDS

(c).

Both types of glycooligomers were then subjected to a number of binding studies in close collaboration
with partners from virology and bacterial enzymology. First, looking at the interactions of
homomultivalent fucosylated glycooligomers towards viral P-dimer, Kp-values of glycomimetics show
that the binding towards P-dimer is about 2-3 times reduced in comparison to the natural ligand, the
blood group B tetrasaccharide (HBGA B), as determined by native mass spectrometry (native MS) by
Hao Yan and Dr. Charlotte Uetrecht. Although fucose is a very weak binder for P-dimer, results of
epitope mapping by STD NMR experiments (saturation transfer difference NMR) (determined by
Robert Creutznacher, Dr. Alvaro Mallagaray, Prof. Dr. Thomas Peters) as well as successful
co-crystallization experiments of glycooligomers with P-dimer (performed by Kerstin Ruoff, Dr. Turgay
Kilic, Dr. Grant Hansman) have shown that binding takes place with the fucose side chains and not with
the scaffold or linker of the oligomer. However, the results suggest that all glycooligomers only use
one fucose ligand to bind to one of the four known binding sites of P-dimer independent of the valence,

spacing between fucose side chains and size of the glycooligomers.



A potential reason for this monovalent binding could be the flexibility of the oligo(amidoamine)-
backbone structures leading to randomly coiled conformations as suggested by DLS measurements,
performed by Jun.-Prof. Dr. Stephan Schmidt, and MD simulation, calculated by Dr. Andrea Grafmdiiller.
However, also the protein receptor itself seems to hamper multivalent binding through potential

structural changes upon ligand interaction.

Both homo- and heteromultivalent fucose-oligomers were tested for their binding to bacterial protein
receptor LecB performing an inhibition-competition assay via surface plasmon resonance (SPR)
measurements, that was specifically developed as part of this work. The results of binding studies with
the homomultivalent structures showed that with increasing amount of fucose side chains the
inhibitory effects on LecB are increased. The inhibitory potential of the glycooligomers was found to
be about 2-3 times enhanced per fucose side chain compared to a-L-methylfucose describing a linear
trend. The increased inhibitory effect of the fucosylated glycooligomers was further confirmed by ELLA
assays, performed by Nikolina Babic and Dr. Filip Kovacic, who could also show the potential of

fucosylated glycooligomers as inhibitors in LecB mediated biofilm formation.

When looking at the heteromultivalent HBGA mimetic glycooligomers, no improved inhibitory effects
on LecB could be observed. Interestingly, the homomultivalent glycooligomer with four fucose units
did not show better inhibition than the comparable homo- or heteromultivalent structures with only
two fucose side chains. Thus, binding affinities do not benefit from the presentation of multiple fucose
ligands in close proximity but rather from a higher number of ligands with larger spacing. Again, these
findings support the design of next generation fucosylated glycooligomers as inhibitors of bacterial
adhesion. The concept of introducing carbohydrate ligands in close proximity on the oligomeric
backbone, either in homo- or heteromultivalent fashion, will further be explored also targeting other

lectins such as bacterial FimH receptor.



2 Zusammenfassung

Kohlenhydrat-Lektin-Wechselwirkungen vermitteln eine Vielzahl wichtiger biochemischer Prozesse
wie Entziindungen, Immunantwort, Befruchtung und Blutgruppenbestimmung. Glykomimetika wie
zum Beispiel Glykopolymere, die mehrere Kohlenhydratliganden an einem synthetischen Gerust
prasentieren, haben sich als geeignete Werkzeuge zur Erforschung von Kohlenhydrat-Lektin-
Wechselwirkungen und der zugrundeliegenden multivalenten Bindungsmechanismen herausgestellt.
Dartiber hinaus haben Glykomimetika groRBes Potenzial als Modulatoren in biomedizinischen
Anwendungen beispielsweise als Impfstoffe oder Biosensoren oder kdnnten als alternative Antibiotika

verwendet werden.

Hartmann et al. haben zuvor eine neue Klasse von Glykomimetika eingefiihrt, die auf der
Festphasensynthese von monodispersen, Sequenz-kontrollierten Glykooligo(amidoaminen) basiert.
Uberwiegend mannosylierte und galactosylierte Glykooligomere wurden untersucht, um
fundamentale Aspekte ihres multivalenten Bindungsverhaltens an das Pflanzenlektin Concanavalin A
zu erforschen. Multivalente Kohlenhydrat-Lektin-Wechselwirkungen spielen jedoch auch eine grofRe

Rolle bei Adhasions- und Infektionsprozessen von Pathogenen.

Daher wurde in der vorliegenden Arbeit die Synthese der Glykooligo(amidoamine) erweitert, um
Glykomimetika zu erhalten, die zwei hoch-relevante pathogene Lektine ansteuern; zum einen das
virale Kapsidprotein P-Dimer des humanen Norovirus, welches weltweit die Hauptursache fir nicht-
bakteriell erzeugte Gastroenteritis darstellt. Bei dem zweiten Lektin handelt es sich um LecB, welches
von dem bakteriellen Krankenhauskeim Pseudomonas aeruginosa exprimiert wird, das haufig
Antibiotikaresistenzen aufweist, die durch die Bildung dichter Biofilme verursacht werden. Beide
Lektine binden fukosylierte Glykanstrukturen an Zelloberflachen, insbesondere als Bestandteil der

Histoblutgruppenantigene (HBGA).

Daher wurden fukosylierte Glykooligo(amidoamine) fir Studien zu ihrem Bindungs- und
Inhibierungsverhalten gegeniiber P-dimer und LecB hergestellt. Um die Bindungstaschen der Lektine
anzusprechen wurde (a) eine Serie homomultivalenter fukosylierter Glykooligomere dargestellt und
(b) ein neuer doppel-clickbarer Baustein entwickelt fiir (c) die erleichterte Festphasenpolymersynthese
von heteromultivalenten fukosylierten Glykooligomeren, um komplexere Glykanstrukturen wie HBGA

zu imitieren (siehe Abbildung 1).

Die homomultivalenten fukosylierten Glykooligomere wurden nach zuvor entwickelter Methoden fiir
die Festphasenpolymersynthese (solid phase polymer synthesis — SPPoS) und die Cu-vermittelte
Konjugationsreaktion hergestellt, unter Verwendung eines Alkin-funktionalisierten Bausteins und

eines Azid-funktionalisierten a-L-Fukoseliganden. Glykooligomere mit unterschiedlichen Valenzen



(Anzahl der Fukoseeinheiten) mit einer bis zu sechs Fukoseeinheiten, mit variierenden Abstanden mit
null bis zu drei Ethylenglykol-basierten Abstandsbausteinen zwischen den Fukoseeinheiten sowie mit
unterschiedlicher Gesamtlange des Oligomergerists mit vier bis neun Bausteinen wurden erfolgreich

synthetisiert.

Darliber hinaus wurde mit der Entwicklung des neuen funktionellen doppel-clickbaren Bausteins iso-
DTDS eine neue Strategie zum Aufbau heteromultivalenter Glykooligomere eingefiihrt. Dieser Baustein
weist als Seitenkette eine Phenylen-Verzweigungseinheit mit zwei Alkingruppen in meta-Position auf,
eine davon ausgestattet mit einer TIPS-Schutzgruppe. Dies ermoglicht die aufeinanderfolgende
Konjugation von unterschiedlichen Kohlenhydrateinheiten in groer Ndhe zueinander. iso-DTDS wurde
erfolgreich in der SPPoS angewendet, um heteromultivalente fukosylierte Glykooligomere als
multivalente  Mimetika  komplexer  Kohlenhydratstrukturen  herzustellen, wie  HBGA

(Blutgruppenantigene A und B, sLe?) und 2 Fukosyllaktose.

TIPS.
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Abbildung 1: Schematische Darstellung von homomultivalenten fukosylierten Glykooligomeren (a), Bausteinen,
die den erzeugten iso-DTDS-Baustein enthalten (b) und heteromultivalente fukosylierte Glykooligomere auf Basis
von iso-DTDS (c).

Beide Arten von Glykooligomeren wurden anschlieBend in enger Zusammenarbeit mit
Kooperationspartnern aus der Virologie und der bakteriellen Enzymologie in einer Reihe von
Bindungsstudien untersucht. Betrachtet man zunachst die Wechselwirkungen der homomultivalenten
fukosylierten Glykooligomere mit dem viralen P-dimer, zeigen die Kp-Werte der Glykomimetika eine
2-3 Mal reduzierte Bindung zum P-dimer im Vergleich zum natirlichen Liganden, dem
Blutgruppentetrasaccharid B (HBGA B), was durch native Massenspektrometrie (native MS) von Hao
Yan und Dr. Charlotte Uetrecht ermittelt wurde. Obwohl Fukose nur schwach an das P-dimer bindet,
haben Ergebnisse von Epitopkartierungen mittels STD NMR (saturation transfer difference NMR)

(bestimmt von Robert Creutznacher, Dr. Alvaro Mallagaray, Prof. Dr. Thomas Peters) sowie



erfolgreiche Co-Kristallisationen der Glykooligomere mit P-dimer (durchgefiihrt von Kerstin Ruoff,
Dr. Turgay Kilic, Dr. Grant Hansman) gezeigt, dass die Bindung mit den Fukoseseitenketten und nicht
mit dem Riickgrat oder dem Linker des Oligomergeristes stattfindet. Jedoch zeigen die Resultate, dass
alle Glykooligomere nur tiber einen Fukoseliganden an eine der vier bekannten Bindungstaschen des
P-dimer binden, unabhangig von Valenz, Abstand zwischen den Fukoseseitenketten und GréRe des

Glykooligomers.

Eine mogliche Begriindung fiir diese monovalente Bindung konnte die Flexibilitdit der
Oligo(amidoamin)-Geruststrukturen sein, die zu Random-Coil-Konformationen fiihren, was
DLS-Messungen von Jun.-Prof. Dr. Stephan Schmidt und MD-Simulation, berechnet von Dr. Andrea
Grafmiiller, vermuten lassen. Jedoch scheint auch der Proteinrezeptor selbst die multivalente Bindung

durch mogliche strukturelle Veranderungen bei der Ligandeninteraktion zu behindern.

Sowohl homo- als auch heteromultivalente Fukoseoligomere wurden auf ihre Bindung an den
bakteriellen Proteinrezeptor LecB getestet, wobei ein Inhibitions-Kompetitionsassay mittels
Oberflachenplasmonenresonanz-Messungen (SPR) durchgefiihrt wurde, der speziell im Rahmen dieser
Arbeit entwickelt wurde. Die Resultate der Bindungsstudien mit den homomultivalenten Strukturen
haben gezeigt, dass mit zunehmender Menge an Fukoseseitenketten die inhibitorischen Effekte
gegenlber LecB verstarkt sind. Das inhibitorische Potential der Glykooligomere pro Fukose-Seitenkette
ist etwa 2-3 Mal erhoht im Vergleich zu a-L-Methylfukose, einen linearen Trend beschreibend. Die
verstarkte inhibitorische Wirkung der fukosylierten Glykooligomere wurde durch ELLA-Assays
bestatigt, die von Nikolina Babic und Dr. Filip Kovacic durchgefiihrt wurden. Sie konnten ebenfalls das
Potenzial der fukosylierten Glykooligomere als Inhibitoren der LecB-vermittelten Biofilmbildung

zeigen.

Im Fall der heteromultivalenten HBGA-mimetischen Glykooligomere wurden keine verbesserten
inhibitorischen Effekte auf LecB beobachtet. Interessanterweise zeigte das homomultivalente
Glykooligomer mit vier Fukoseeinheiten keine bessere Inhibierung als die vergleichbaren homo- oder
heteromultivalenten Strukturen mit nur zwei Fukoseseitenketten. Demnach profitieren die
Bindungsaffinitditen nicht von der Prasentation mehrerer Fukose-Liganden in unmittelbarer Nahe,
sondern eher von einer hoheren Anzahl an Liganden mit grofReren Abstdnden. Diese Ergebnisse
unterstlitzen wiederum das Design fukosylierter Glycooligomere der nachsten Generation als
Inhibitoren der bakteriellen Adhasion. Das Konzept der Einfilhrung von Kohlenhydratliganden in enger
Nachbarschaft auf dem oligomeren Riickgrat, entweder in homo- oder heteromultiventer Weise, wird

weiter erforscht werden und auch auf andere Lektine wie den bakteriellen FimH-Rezeptor abzielen.



3 General Introduction
3.1 Carbohydrate-lectin interactions — some basic information

Monosaccharides, amino acids, nucleotides and lipids are four essential basic structures in the
construction of living systems. As monomers they can build up the most important biopolymeric
structures such as polysaccharides, proteins and nucleic acids e.g. deoxyribose or ribose nucleic acid
(DNA and RNA) or form supramolecular structures like lipid bilayers. These biopolymers are implicated
with different cellular functions such as energy, stability, form, catalytic processes and encoding of
information. In comparison to linear polypeptides or polynucleotides, oligo- and polysaccharides can
be constructed not only linearly but also as branched structures due to the high variability in
connectivity on different positions within a monosaccharide. The high amount of possible
carbohydrate linkages results in increased structural combinations and so structural complexity.
Today, it is well understood that carbohydrates do not only serve as an essential energy source and
energy storage e.g. in the form of glucose or starch, but also are an important natural structural
component e.g. cellulose as a key component of plant cell walls. Also, carbohydrates play key roles in
information transfer, especially across membranes.!!! The crucial role of information transfer will be

examined more carefully in this work.

Most cell membranes of pro- and eukaryotic cells are decorated by a dense layer of polysaccharides,
oligosaccharides and glycoconjugates such as glycoproteins and glycolipids (see Figure 2). This so-
called glycocalyx not only protects the cell but plays an important role for information exchange e.g.
for intercellular cell-cell contacts, recognition and adhesion processes as well as signal transduction.[*?!
The presented carbohydrate structures can give specific signals to other cells or the environmental
tissue. Additionally, many circulating proteins exhibit particular oligo- or polyglycans. Different
glycosylation states are found to be characteristic for an organism, type and developmental stage of a
cell or protein causing diverse contacts and signals for communication, immune response,
inflammation, defense of cancer and infections, fertilization and erythrocyte blood group

determination but also host-pathogen adhesion and infection.™3#
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Figure 2: Schematic representation of glycocalyx, modified from literaturel®..

Detection of such carbohydrate-based signals is realized by carbohydrate recognizing proteins called
lectins (lat.: legere, to select). They exhibit conserved carbohydrate recognition domains (CRD) that
feature a high specificity to certain carbohydrate ligands.!®”! Carbohydrate-lectin interactions are
usually weak and often display multivalent character. Indeed, multivalency in ligand-receptor binding
is a fundamental mechanism in nature which modulates manifold biochemical processes.” % In the
case of lectins, interaction between one lectin binding pocket with one single carbohydrate ligand is
often weak, but the collective interactions of multiple lectin binding sites (receptor) with multiple
carbohydrates (ligand) can lead to a strong enhancement of the overall binding avidity. Avidity
increases cannot only be realized by natural carbohydrate-based ligands but also through the
development of artificial glycan mimetics where several carbohydrate ligands are presented on an

artificial scaffold.

The following chapters will further elucidate the structure and biological function of carbohydrate
ligands specifically focusing on the role of fucose and fucosylated glycans. Focus shall also be given to
fucose-recognizing receptors followed by the use of precision glycomacromolecules as multivalent

glycan mimetics.

3.2 Fucose and fucosylated glycans as carbohydrate ligands

Within the vast amount of different signals given by glycoconjugates predominantly seven
monosaccharides account for the construction of lectin-relevant complex carbohydrates; these are
galactose (Gal), N-acetylgalactosamine (GalNAc), glucose (Glc), N-acetylglucosamine (GIcNAc),
mannose (Man), sialic acid (Sia) and fucose (Fuc).™! Through the exposed position of fucose on glycan
structures, it is one of the most important monosaccharide targets for recognition processes including

cell-matrix and cell-cell contacts, adhesion as well as host-microbe interaction and forms the H-antigen
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Figure 3: Fucose in a-L- and a-D-configuration.

substances, the basic compound of ABO blood group determinants.**3! The fucosylation state of
glycans determines developmental processes, signal cascades, immune responses and is an essential
characteristic in many pathological appearances as in some cancers.!**! Different from other
monosaccharides, fucose is a deoxyhexose lacking a hydroxyl group at 6-position (see Figure 3). This
leads to a more hydrophobic character in comparison to other monosaccharides. Another important
characteristic of fucose is its L-conformation in vertebrates, whereas all other monosaccharides exhibit
the D-conformation. Resultantly L-fucose structurally corresponds to 6-deoxy-L-galactose.*!

Additionally, fucose is most often found in its alpha-anomeric form.*3!

Terminal fucosylation of glycoconjugates bound to glycoproteins and glycolipids on cell membranes as
well as extracellular mucoproteins determines a variety of different (patho-)physiological processes.
Fucosylation at N- and O-linked glycans of glycoproteins occurs posttranslationally, assisted by
fucosyltransferases (gene products of FUT) with the precursor GDP-fucose.!*?! Also direct transfer of
L-fucose onto the hydroxyl groups of serine and threonine as protein amino acid residues is known.
This so-called O-fucosylation can be found at epidermal growth factor (EGF) like domains.™?
Interestingly the degree of fucosylation of cell compartments in the gastrointestinal tract is recognized
by specialized microorganisms.[*®! Bacteroides thetaiotamicron that uses fucose as a carbon source
reports the degree of fucosylation to the cells by activating crucial signaling cascades leading to the
adjustment of fucosylation state on cells in the following.[!*'”! A defective or missing fucosylation
pattern can result in serious pathological disorders and diseases like cancer,>4*>8 gtherosclerosis or

leukocyte adhesions deficiency type Il (LAD I1).[229

3.2.1 Histo-blood group antigens (HBGA)

The terminal presentation of fucose on protein and lipid glycans exhibits a marker strategy to define
and initiate diverse processes. One of the most well-known examples is the role of fucose in the ABO
blood group determining system. The responsible ABH blood group antigens represent complex
fucosylated carbohydrate structures that are positioned especially on red blood cells and mucosal

epithelial tissues of the gastrointestinal, respiratory and urinary tract, or in soluble form in saliva or



milk.1*-23 Bound to erythrocytes they are the most common substrates to define the blood group of
each individual.?® These antigens are recognized by immunoglobulins (IgM), specialized proteins of
the immune system that can act against differing antigens leading to agglutination. As such blood
group antigen presentation dictates the compatibility of blood serum in blood transfusions.!?! Though
the detailed structures of both ABO antigens and antibodies are well known and the mechanisms of

binding and agglutination are widely studied, the biological function of this system is still unclear.

H antigen corresponds to blood group 0 and is created by addition of an L-fucose unit to a specified
galactosylated unit forming an a(1,2)-linkage catalyzed by a-(1,2)fucosyltransferases.**? |n case of
erythrocyte cell surfaces this fucosyltransferase is called H-transferase (gene product of FUT1). Soluble
in saliva and on epithelial tissues the fucose attachment is catalyzed by the Secretor (Se) transferase
(gene product of FUT2). The H antigen can act as a precursor for further modification by
glycosyltransferases leading to A or B antigens (see Figure 4).?2 Attachment of a N-acetyl-a-D-
galactosamine (a-D-GalNAc) unit to the H substance in an a(1,3)-linkage, which is catalyzed by
a(1,3)galactosaminyltransferase (GTA), generates the A antigen. a(1,3)galactosyltransferase (GTB)
catalyzes the transfer of an a-D-galactose, also with an a(1,3)-linkage, forming B antigen (see Figure
4). Blood group AB means that both A and B antigens are present. A very rarely occurring blood group
type is the Bombay phenotype (hh) in which the concerned persons do not express the substance H
(H antigen of blood group 0) due to lacking fucose.?® This is due to mutations or deletions in genes
FUT1 or FUT2 resulting in absent or inactive fucosyltransferases (H-transferase or Secretor
transferase). Without the fucosylation step the transfer of galactose or N-acteylgalactosamine is also
not possible, independent of the genotype. In case of a defective FUT2 the individuals are called non-
secretors or secretor-negative because no antigen can be found in their saliva. The lack of ABO antigens
in soluble form or bound on tissues is not apparent but makes a difference in the infection rate with
certain pathogens. It could be shown that non-secretors lacking the ABH antigens in the
gastrointestinal mucosa are resistant to the infection of most Norovirus strains.?*?% Individuals that
have a functional secretor transferase are therefore called secretors or secretor-positive. Persons with

Bombay phenotype express antibodies against A, B and even H antigen.
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Figure 4: Schematic representation of ABO and Lewis group antigens of HBGA.

Besides the ABH blood group antigens a second highly relevant group related to the HBGA are the
Lewis antigens.'>**! They can be differentiated in the four basic Lewis antigens (Le?, Le®, Le¥, LeY) and
two additionally sialylated Lewis antigens (SLe*, SLe?), differing in amount and connectivity of fucose
units (see Figure 4). Many different fucosyltransferases catalyze the creation of Lewis antigens.!*?
Lewis? (Le?) is constructed by the addition of fucose via an a(1,4)-position linkage to a core N-acetyl-B-
D-glucosamine (B-D-GIcNAc) bearing galactose with a B(1,3)-linkage. Whereas Lewis* (Le*) exhibits a
reversed substitution with galactose connected in B(1,4)-position and fucose linked in a(1,3)-position
to GIcNAc. Lewis® (Le®) derives from Le? and Lewis’ (Le") from Le* by an additional fucosylation step at
the galactose unit via an a(1,2)-linkage mediated by a(1,2)fucosyltransferase (FUT1). Instead of a
secondary fucose unit, a sialic acid can be attached to the galactose of Le? and Le* forming sialyl-Lewis?

(SLe?) and sialyl-Lewis* (SLe*) structures (see Figure 4).

3.3 Fucose-specific lectins

Lectins exhibit usually high specificity for particular carbohydrate structures as for instance fucose-
specific lectins (F-type lectins or fucolectins) that feature distinct binding motifs for fucosylated
glycoconjugates.?27-28 Fycolectins are a recently discovered type of lectins. Usually they have a F-type
lectin domain (FTLD) with a binding site for fucose which is also calcium-mediated. This is further
contributed by fucose itself that stabilizes the calcium ions by chelation with the vicinal hydroxyl
groups at 2- and 3-position.?®! Besides the primary fucose binding sites extended carbohydrate binding
sites can be found in some fucolectins for the interactions with additional carbohydrates of the blood

group system.?”] F-type lectins can be found in pro- and eukaryotes as well as in viruses.?®! Two
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important examples of F-type lectins are P-dimer from Norovirus and LecB from Pseudomonas

aeruginosa and will be discussed more in detail in the following.

3.3.1 Norovirus and P-dimer

Norovirus (or Norwalk-like virus, originating from the first isolation in 1968 in Norwalk, Ohio)
constitutes the predominant reason for epidemical outbreaks of acute non-bacterial gastroenteritis
every year.!” No vaccine or antiviral is known primarily due to difficulties in human Norovirus
cultivation.® It is a highly infective non-enveloped virus that belongs to the Caliciviridae family.?Y The
single-stranded positive sense RNA of Norovirus encodes for the viral RNA polymerase and two
structural capsid proteins, the major protein VP1 (~60 kDa) and the minor protein VP2 (~20 kDa).l3?
The function of VP2 is not well understood so far but is supposed to stabilize the viral capsid. The major
structural protein VP1 consists of a S-domain (shell domain), responsible for the interior shell, and an
extended P-domain (protruding domain) (see Figure 5 (b)). 180 copies of protein VP1 form the
icosahedral virus capsid which is 35-39 nm in size (see Figure 5 (a)). The P-domains dimerize into 90
P-dimers that represent the crucial binding factors (see Figure 5 (c) and Figure 6).133! Multiple binding
pockets for fucosylated glycans are located in the cleft between two monomeric P-domains illustrating
the importance of the dimeric form for P-protein’s function (see Figure 5).3% The interaction between
P-dimer and HBGA, located on host cell surfaces, is suspected to be the first step of Norovirus infection

process. 3536

Recent studies have shown that P-dimer exhibits four binding sites for HBGA.E”3% The amino acids in

the binding sites are strictly conserved providing a potential target for antivirals.®
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Figure 5: (a) Norovirus capsid structure formed by 90 VP1 dimers; (b) VP1 dimer in cartoon representation with
S domains (blue), P1 domains (red) and P2 domains (yellow); (c) P-dimer with P1 and P2 domains and one
carbohydrate recognition domain (CRD). Copyright (2008) National Academy of Sciences, U.S.A.?%
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Figure 6: (Left) Surface representation of the X-ray crystal structure of human Norovirus P-dimer (GII.10) in
complex with four fucose units. Subdomains P1 and P2 of P-domain monomers A and B are colored as follows:
chain A (P1): blue, chain A (P2): light blue, chain B (P1): violet, chain B (P2): salmon. The four binding pockets are
laying in the cleft between the P-domain monomers. (Right) Binding pocket 1 interacting with B-trisaccharide
(30 mM) by hydrogen bonds with Asp, Arg, Asn, Lys and Gly as well as by hydrophobic interactions with the fucose
methyl group. Modified from literature.?”!

The distances between the binding sites 1, 3, 4 and 2 of P-dimer have been estimated by crystal
structures to be 11 A (binding pockets 1 - 3), 17 A (binding pockets 1 - 4) and 27 A (binding pockets 1 -
2) (see Figure 6). It is known that terminal a-L-fucose is always involved in the binding to P-dimer in all
human Norovirus strains and binds more intensely to the binding pockets than all other
monosaccharides.?” One hint was that most observed immunity against Norovirus infection was in
secretor-negative individuals who lack the H substance on epithelial tissues.’?* Additional evidence is
the protection of new-born children against Norovirus infection by circulating human milk
oligosaccharides (HMO). Most likely fucosylated carbohydrates interact with the virus particles.[?43¢!
Fucose is a relatively weak binder for human Norovirus P-dimer. The dissociation constants of
a-L-methylfucose towards P-dimer are around 2.4 £ 0.2 mM (Kp1) and 9.6 £ 0.1 mM (Kp3), respectively,
for the first two binding sites and much lower for the binding sites 3 and 4.® It is thought that the

attachment of a-L-methylfucose is a dose-dependent and step-wise process.

3.3.2 Pseudomonas aeruginosa and LecB

The opportunistic bacterium Pseudomonas aeruginosa is a rod-shaped, gram-negative pathogen
discovered in 1900.1?! |t represents one of the most problematic hospital-related pathogens due to its
high viability in different environments and the often observed multi-resistance against currently used
antibiotics. One main reason for resistance is the colonization of almost all kinds of human tissues and
organs, forming dense biofilm formation. Biofilms reduces the efficacy of anti-bacterial agents, and so
cannot be dispersed easily.[**? Especially in immune-suppressed patients (like those with cystic

fibrosis, AIDS or cancer) the infection can lead to fatal complications and serious secondary diseases
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like pneumonia or otitis externa. It could be shown that inhalation of a mixture of galactose and fucose
in high amounts leads to a reduction of P. aeruginosa quantity in sputum of infected cystic fibrosis
patients.[*3! This can be explained by two multivalent lectins of P. aeruginosa namely LecA (PA-IL) and
LecB (PA-IIL) that bind specifically on galactosylated and fucosylated glycans of the host cell
surface.®% LecA and LecB are assumed to play crucial roles in the human cell recognition and
attachment as well as in biofilm generation and tissue damages. LecB shows a much higher specificity

and affinity to fucosylated carbohydrate ligands in comparison to LecA.*’!

LecB is a homotetrameric C-type lectin with an overall size of 47 kDa (see Figure 7). The four binding
pockets for fucose glycoconjugates exhibit distances of about 40-50 A and can crosslink glycan
structures from the host cell surface as well as polyglycans, secreted from the pathogen itself, within
the biofilms.[***”! In each binding pocket two Ca?* ions are involved that interact with the three fucose
hydroxyl groups (see Figure 7, right side). It is assumed that this explains the relatively high binding
strength towards glycans in comparison to other carbohydrate-lectin interactions. The dissociation
constant of L-fucose towards LecB is 2.9 uM. Affinity to mannose or fructose can also be observed but
is much smaller. The highest binding to monosaccharides has been reported for a-L-methylfucose
(Ko = 0.43 uM) and p-nitrophenyl-a-L-fucose.! LecB recognizes also oligosaccharides like the blood
group antigens A, B, H, Le* and Le® with highest affinity observed for Le® (Kp = 210 nM) that is supposed
to be the natural ligand of LecB.[*®! Furthermore it could be shown that human milk oligosaccharides

prevent P. geruginosa adhesion to the respiratory tract.>”

Figure 7: (Left) Cartoon representation of tetrameric LecB from Pseudomonas aeruginosa in complex with four
L-fucose and eight calcium ions. (Right) zoom into one binding pocket. Reprinted with permission froml,
Copyright (2015) American Chemical Society.
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3.4 Multivalent glycomimetics

Natural oligosaccharide ligands are highly variable in terms of their composition, connectivity and size.
Even small changes in their structure lead to different binding behaviors towards the recognizing
receptors. Limited access to complex oligosaccharides and glycoconjugates — caused by synthesis,
isolation and analysis difficulties — as well as the complexity of their multivalent binding behavior
towards lectins display main challenges for the research of glycan-lectin interactions.>***Y) One
alternative approach to gain deeper insights into the molecular mechanisms of multivalent
carbohydrate-lectin interaction is the use of synthetic glycomimetics.[>52°3%4 Mimetic displays are
simplified models of their natural counterparts and provide useful information about structure-
function relationships. Furthermore, synthetic multivalent glycomimetics can be designed by attaching
several glycan motifs - often just monosaccharides - on an artificial backbone. This can contribute to
higher binding avidities and potentially specificity towards their target receptors in comparison to the
natural ligands, hence presenting a great potential for biomedical applications as biosensors or
inhibitors.®>>7 Especially in viral and bacterial infections multivalent ligand binding might be a

promising concept for potential therapeutics.4%>%°

The underlying mechanisms of multivalent interactions that lead to enhanced binding between lectin
and multivalent glycomimetic can be described by several binding modes that usually happen
simultaneously (see exemplarily Figure 8). For example, a multivalent ligand can bind to the binding
sites of at least two different receptors. This bridging results in networks, clusters and aggregates that
can precipitate and subsequently be observed by different techniques like turbidimetry or light
scattering. This effect is referred to as the Cluster Glycoside Effect. Another important effect is
chelation that describes the simultaneous attachment of at least two carbohydrates within the same
ligand to two binding pockets of a single receptor. This effect is often correlated with an overall strong
binding enhancement of approximately 103-10° orders of magnitude.® Chelate binding depends
strongly on the chemical constitution of the ligand backbone, its flexibility and the distances between
the presented ligand units. During statistical rebinding a first carbohydrate ligand that binds and
rebinds in an equilibrium to a receptor can be replaced by another carbohydrate unit that is in close
proximity to the first one on the same scaffold. Usually in a natural carbohydrate-lectin binding event
several binding types play a role which makes the evaluation of multivalent binding even more
complex. However, also parts of the multivalent ligand that are not directly involved in the binding
process (scaffold or non-binding carbohydrates) can generate “indirect” binding effects such as
hydrophobic interactions and macromolecular effects and can make further contacts. This can lead to
an increased stability of the receptor-ligand complex due to their shielding effects to other ligands,

what is known as sterical shielding (see Figure 8).
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Figure 8: Exemplary schematic representation of four important theoretical multivalent binding modes.

Thus, in a glycomimetic, these factors need to be considered for the choice and design of the artificial
scaffold. For example, the architecture and molecular weight as well as the valency (amount of
carbohydrate units), distancing between glycans on the backbone and the resulting density of
presented carbohydrates have been shown to strongly effect binding to a lectin receptor.[®%%
Additionally the bioactivity can suffer from choosing the “wrong” backbone or linker structures and
the applicability of a glycomimetic in biomedicine depends strongly on any associated backbone

toxicity.

Many different scaffolds have been explored for the design of glycomimetics with diverse backbone
architectures such as linear, branched and dendritic structures. The synthetic strategies for these
glycomimetics range from polymerization techniques and post-functionalization to step-wise growth
of complex glycosylated macromolecules. Some important examples are shown schematically in

Figure 9.
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Figure 9: Schematic representation of glycodendrimer and -dendron (A), glycosylated gold nanoparticle (B),
glycopolymer (C), extract from glycopeptide of mucin-1 ( MUC-1)1¢ (D).

An important mimetic class are glycosylated dendrimers that are characterized by a regularly branched
composition and spherical shape with radial symmetry.’*®? Glycodendrimers are most often
monodisperse due to a repetitive, step-wise synthesis. A prominent example is the commercially
available PAMAM-dendrimer that is composed of flexible poly(amidoamine)-chains bearing amino-end
groups for further functionalization e.g. with glycans or next dendrimer generation formation.®® An
overall disadvantage of dendritic systems is their inflexible connectivity and secondary structure. Many
examples are known for glycosylated dendritic systems, such as tetravalent pantaerythritol constructs,
carbohydrate-centered glycoclusters or cyclopeptides that display interesting architectures for the
investigation of carbohydrate-lectin interactions.>°%%4 |n addition, glycosylated dendrons (dendrimer

arms) can be used for the attachment to surfaces like nanoparticles.>>>8

Micro- and nanoparticles (NPs) are another type of scaffold used for the multivalent presentation of
carbohydrates.[®>®%! Many different materials for the construction of NPs are known as for example
gold, magnetic materials (MNP) like iron or nickel and silica as well as polymeric materials like
polyNIPAM or PEG.®”! Depending on the particle core material, carbohydrate ligands can be attached
when exhibiting a suitable functional group by various conjugation methods such as amide bond
formation, click chemistry or Michael addition reaction and even self-assembled NP complexes can be

formed.[6>56!

Glycosylated polymers are usually linear structures of high molecular weight presenting a high number
of carbohydrate ligands in their side chains.!®® Thereby they easily promote polyvalent binding when
interacting with lectin receptors leading to large enhancement in binding. Glycopolymers can be

synthesized either by the polymerization of glycomonomers or via post-functionalization methods (e.g.
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by amide bond formation, copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC) or thiol-ene click
reactions) after generation of a suitable polymer-backbone.’%%8%9 A significant difference between
glycopolymers and glycodendrimers or glycopeptides is their intrinsic molecular weight distribution,
although (glyco-)polymers with very small dispersity indices (DI) are accessible e.g. by controlled free
radical polymerization techniques (CFRP) like nitroxide-mediated polymerization (NMP), reversible
addition fragmentation chain transfer polymerization (RAFT) or atom transfer radical polymerization

(ATR P) [52,65,68,70]

Another important class of glycomimetic structures are glycosylated peptides.l’"! The high chemical
precision and monodispersity explains their potential for the investigation in basic research and
applications in biomedical research. They can be used in sensing or as therapeutics, for example as
antibiotic (e.g. vancomycin) or in immunotherapy,'® also much research is focused on glycopeptide-
based cancer and viral vaccinations.!®*7? Glycosylated peptides can be synthesized in solution phase
reactions or — which is much more common — via solid phase peptide synthesis (SPPS) on a solid
support using N-terminal protected amino acid as building blocks (see section 3.5 Solid phase peptide
synthesis (SPPS))."* The attachment of carbohydrates can be performed before peptide elongation by
conjugation to a suitable amino acid monomer or after backbone elongation onto functional groups of
the amino acids in the chain on the solid support. Furthermore, hybrid glycopeptide systems can be
formed possessing additional synthetic modifications at defined positions as for example an artificial
linker structure,!”! an additional backbone conjunction or a non-natural spacer unit that can influence
binding to crucial lectins. Such the reconstruction and modification of MUC1 (mucin-1), a highly
glycosylated protein that has been found to be overexpressed on some cancer cells combined with an
altered glycosylateion pattern, could help to develop mucin-anti-tumor vaccines (see Figure 9).!!
Glycopeptides can be applied to explore the influence of specific structural characteristics on
carbohydrate-lectin binding and provide useful information about structure-function relationships.
However, most glycopeptides suffer from high sensitivity against degradation by enzymes and can

provoke immune responses.

Combining advantages of the glycopolymers and glycopeptides, Hartmann et al recently introduced a
novel class of glycomimetics, the so-called precision glycomacromolecules.’*”! These are based on
an artificial scaffold assembled via stepwise addition of tailor-made building blocks on solid support.
The created monodisperse, sequence-controlled oligo(amidoamine) backbone can then be used for
the conjugation and multivalent presentation of carbohydrate ligands (see Figure 10). Controlled
positioning of carbohydrates within the oligomeric backbones produces glycomimetics that are
versatile tools for fundamental research but also generates compounds of great potential in different

biotechnological and biomedical applications./’®7”!
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Figure 10: Example glycooligo(amidoamine) structure with mannose side chains (red) and triazole linker (green).

The following chapters will further elucidate the synthesis and applications of precision
glycomacromolecules, first giving a general introduction into solid phase peptide synthesis (SPPS),

which is the basis of later solid phase polymer synthesis (SPPoS) of glycooligo(amidoamines).

3.5 Solid phase peptide synthesis (SPPS)

Solid phase peptide synthesis (SPPS) was developed by Merrifield in the 1960s.7® SPPS enables the
efficient multistep synthesis of large peptide structures with defined composition in high amounts and
purities. The solid support is characterized by resin particles that are often composed of polystyrene.
Distinct functionalities on the solid support can be used as reactive anchor points for the subsequent
covalent conjugation of the amino acids generating polypeptides. An important requirement to gain
defined macromolecules is the completeness of each reaction step. As amide bond formation is not
favored at room temperature,’® activation of the acid group by coupling reagents is necessary. The
amino acids are coupled with their C-terminal side (carboxyl group) to the amino groups of the growing
chains on the resin (see Scheme 1). Therefore, the amino groups (N-terminus) of the amino acids need
to be protected during the coupling step to avoid side reactions and the reduction of the amount of
amino acid monomer that could be coupled to another unbound amino acid instead of the growing
chain end on the resin. In this original form of SPPS the acid labile tert-butyloxycarbonyl group (Boc)
was used as the N-protecting group.'®#Y Scheme 1 illustrates the most important reaction steps during

SPPS as originally introduced by Merrifield.
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Scheme 1: Merrifield solid phase peptide synthesis in three phases containing activation of the Merrifield
polystyrene resin (top), propagation of the bound peptide chain by alternating deprotection and coupling steps
(middle) and acidic cleavage off the resin (bottom).

During the activation the first Boc-protected amino acid (HO-AS;-Boc) is coupled to the surface
functionalities of the polystyrene resin (Merrifield resin) in a nucleophilic substitution with chloride as
leaving group. To make the coupled amino acid available for the next coupling step the protecting
group needs to be removed, in this case the Boc-group is cleaved by a strong acid like trifluoroacetic
acid (TFA) in DCM (deprotection step). After washing off the resin to remove all unreacted reagents
and side products the coupling of the next amino acid to the unprotected amine of the previously
coupled amino acid is applicable. The activation of the carboxylic acid (C-terminus) is accomplished by
dicyclohexylcarbodiimide (DCC) as coupling reagent. DCC intermediate includes the acid (ester
formation) and makes it more reactive for the nucleophilic attack of the amine.’®? Afterwards DCC is
leaving the reaction as dicyclohexylurea, which is removed by the washing step between couplings. In
alternating coupling and deprotection steps the elongation of the peptide chain on the resin is
accomplished (propagation). The final product peptide is obtained after cleavage off the resin with

hydrofluoric acid (HF).

The major advantage over solution phase reactions is the simple purification and potential isolation
after each reactions step. All reagents can be washed off the resin and only the covalently bound
product molecules remain on solid support until these are cleaved.®3 Thereby, high excess of reagents
in every reaction step as well as multiple couplings to achieve full conversion are easily applicable.
Today, SPPS is often performed fully automated using a peptide synthesizer. Furthermore, while the

overall concept is still the same, many further improvements have been made since Merrifield
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introduced his method. The following subchapters will highlight some of the important reagents that

are applied in SPPS today and will also be relevant for SPPoS.

3.5.1 N-Terminal protecting groups

One of the critical aspects in SPPS is the use of N-terminal protecting groups to allow selective coupling
of the amino acid onto the growing chain on the resin. Therefore, the amine protecting groups need
to be stabile under coupling conditions of the amino acids on solid support, yet should be cleavable
under conditions orthogonal to all other reaction steps (coupling or later cleavage from the support).
Instead of the originally introduced Boc protecting group, more popular today is the use of
fluorenylmethoxycarbonyl group (Fmoc). Fmoc is stable under acidic conditions and is cleaved by mild
bases like secondary amines (usually achieved by a 20% solution of piperidine in dimethylformamide
(DMF)). 8284 The introduction of the Fmoc protecting group can be performed in aqueous sodium
bicarbonate solution with the more reactive Fmoc-chloride (Fmoc-Cl) (see Scheme 2) or
Fmoc-oxysuccinimide (Fmoc-OSu). An advantage of this basic cleavable amine protecting group is the
characteristic UV-absorption of the cleaved side product at 295 nm that can be employed to determine

the success of deprotection on solid support.

HOWH“NHZ & /r _'_Hog)\uiko O Q’ Ho\g)‘uk’a :30 O g... HO\“)\NH +C02

Protection Deprotection
R = amino acid side chain

Scheme 2: Introduction (1) via Fmoc-Cl and removal (2) with piperidine of basis labile Fmoc-protecting group.

3.5.2 Solid support and linkers

The first described “Merrifield resin” was composed of polystyrene chains that are cross-linked with
divinylbenzene (see Figure 11).78! The chains are functionalized with methylenechloride residues for
the elongation of desired products. Cross-linked polystyrene resins are still very often in use due to

their high stability and availability with low costs. It usually exhibits a high degree of functionalization.
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Crosslinked polystyrene resin Tentagel-resin with rink-amide linker
with methylenchloride linker

Figure 11: Extract of crosslinked polystyrene resin (Merrifield resin) with metyhlenechloride linker (left) and
advanced Tentagel® resin with grafted PEG chains and rink-amide linker (right).

Both the polymeric structure as well as the type of functionalization was further developed and a great
variety of different resins are commercially available nowadays. An example is the often used
Tentagel® resin that is also constructed by cross-linked polystyrene and additionally contains PEG-
chains that are grafted onto the polystyrene (“tentacle”) (see Figure 11).%* Advantageously the
Tentagel® resins swells in both protic and aprotic solvents and so the reactive groups experience fewer
sterical effects from the resin matrix. The capacity of functional groups is usually lower than for a
standard polystyrene resin. Another often used resin is formed by polyacrylamides that are better
soluble in polar solvents.®! Additionally a range of linkers with various functional groups have been
developed such as the acid-labile Rink-amide linker (see Figure 11). In the first step, the Fmoc
protecting group is cleaved off to enable the coupling of a carboxylic acid of the first amino acid onto
the amine functionality by amide bond formation. At the end of the synthesis the final cleavage of the
product generates a carboxamide whereas the amine group is leaving the resin. The Rink-amide linker
features high sensitivity in acidic environment due to the two electron-donating methoxy groups.®!
Other important linkers are the Wang linker or the Siber linker that also generates an amide end-group
in the product or a traceless linker that does not transfer any functional group to the final product.
Besides acidic cleavage the product can be cleaved off under various other conditions depending on

the specific linker, as with basic-labile or even with photo-labile linkers.

3.5.3 Coupling reagents

In general, amide bond formation is slow and thermodynamically not favored (e.g. caused by salt
formation) but can be facilitated by suitable coupling reagents that activate the acid group
(C-terminus) to form a reactive ester or “activated ester”.””! The most important classes of coupling
reagents in SPPS are carbodiimides, phosphonium salts and uronium salts that exhibit certain

advantages for different coupling conditions and amino acid monomers. &
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Figure 12: Important examples for the three main classes of coupling reagents. Phosphonium salts: PyBOP (left),
uronium salts: HATU (middle) and carbodiimides: DIC (right).

Coupling with phosphonium and uronium reagents requires the addition of mild bases, like the often
used Hiinig’s base or diisopropylethylamine (DIPEA), that deprotonate the acid group in the very first
step. Additionally, the epimerization at the stereocenter of Ca-atom is a well-known problem in amide
coupling reactions and can be avoided by additives like 1-hydroxybenzotriazole (HOBt, see Scheme 3).
An alternative to HOBt is the less explosive Oxyma.!®” Important examples of the three main classes of

coupling reagents are shown in Figure 12.

Today, mainly phosphonium salts are used as coupling reagents. The first phosphonium salt for SPPS
coupling was benzotriazol-1-yl-oxytris(dimethylamino)phosphonium hexaflorophosphate (BOP).[2¢!
Due to the carcinogenic effect of the byproduct hexamethylphosphoric acid triamide (HMPA) the less
harmful  benzotriazol-1-yl-oxytripyrrolidinophosphonium-hexafluorophosphate  (PyBOP)  was
developed by substitution of the dimethylamino-groups with pyrrolidino-groups (see Figure 12). The
good solubility in organic solvents and the ease in handling cause its frequent use. Further advances
lead to several modifications, such as the relatively new coupling reagent
bromotripyrrolidinophosphonium hexafluorophosphate (PyBrOP) where even the benzotriazolyl-oxy-
residue is substituted to a bromide leading to better coupling results with secondary amines. Scheme 3

demonstrates the amide coupling mechanism supported by BOP.

3
N~ - Qo
;N N-P-N 5
N_ @ 7/ N / \
© O-l?_N\ ‘N N\ 7 /N\ Q
y O B MB b0 BOP_Th_ SN N HMPA oY
Fmoc-N K, ~—4> Fmoc—N\)LoG)"”/ \=/ %-/P\N\ oM
oY\
1 2 H Fmoc‘N\/gO 6
Fmoc” 0]
4

R = specific linker from resin

Scheme 3: Mechanism of phosphonium salt-guided amide bond formation between an Fmoc-protected amino
acid and an amine group of a resin-coupled amino acid using BOP.
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After deprotonation of the protected amino acid (1) the carboxylate (2) attacks the phosphonium
ion (3) leading to the separation of the very stable phosphoramide derivative HMPA (5). The formed
active ester (6) with HOBt stabilizes the transition state (8 and 9) with the amine group of the solid

support (7). After separation of HOBt (10) the product amide (11) is formed.

Another important class of coupling reagent in SPPS are uronium salts such as 2-(1H-benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and O-(7-Azabenzotriazol-1-yl)-
N,N,N',N’-tetramethyluronium hexafluorophosphate (HATU), where HBTU is sometimes preferred as
it causes less racemization.’®>®% The uronium reagents can have two forms, the uronium salt or the
less reactive iminium salt. The mechanism is very similar to the one of phosphonium salts previously
shown in Scheme 3. Again, a base like DIPEA is required to deprotonate the acid and the carboxylate
attacks the uronium carbon (instead of a phosphonium). An urea derivative is cleaved and the same
HOBt-active ester is formed as is the case of phosphonium salts (see Scheme 3, 6) that reacts with the

amine group forming the desired product and HOBt.

3.6 Solid phase polymer synthesis (SPPoS)

Besides the use for the synthesis of peptides, solid phase strategies have today been implemented also
for the synthesis of other biomacromolecules such as oligonucleotides and oligosaccharides.®8!
Furthermore, fully synthetic macromolecules can be synthesized applying a stepwise assembly of
building blocks on a solid support. Applying this concept L. Hartmann et al developed the synthesis of
oligo(amidoamines) formed by tailor-made building blocks (BB) that bear a protected amine group as
well as a carboxylic acid originating from diamines and di-acids for the introduction in solid phase
polymer synthesis (SPPoS). Furthermore, these building blocks exhibit additional amine or amide
groups and can act to either present additional functional groups or to be spacer units. This variability
allows the BB to adjust length, hydrophilicity, branching and functionalization of the
oligo(amidoamine) backbone.”>#°-3! Eyen switchable BBs have been introduced.®***! Figure 13 shows

an example oligo(amidoamine) backbone structure on solid support carrying functional side chains.
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Figure 13: Exemplary oligo(amidoamine)-chain in SPPoS with functional and spacer building blocks (EDS) included.

3.6.1 Building blocks (BB)

Building blocks used in SPPoS are synthesized by precondensation of a diamine and a di-acid unit.
Depending on the desired main or side chain functionality, different diamines and di-acids can be
combined. However, for all BBs, the primary amine group for main chain elongation is protected with
a Fmoc group. Figure 14 gives examples of BBs developed for SPPoS within the group. Generally, BBs
are divided into two major classes — functional and spacer BBs. Functional BBs introduce different side
chain motifs, e.g. an alkyne group for later attachment of azido-functionalized molecules as in TDS!*!
or protecting groups for orthogonal cleavage on solid support and introduction of branching points as
in ADS®¥°Y, The azide-containing BADS is applicable with alkyne-functionalized molecules and MDS
contains an additional protected acid group e.g. for Staudinger ligation. Other functional BBs are the
acid labile Boc-functionalized BDS and the alkene-functionalized DDS for the conjugation of thiols via
thiol-ene click reaction. Spacer BBs introduce different main chain motifs that can be used for
controlled spacing of functional BBs in the oligomeric scaffold and furthermore can be introduced to
vary chain length, molecular weight and solubility of the oligomer. Such ODS increases the
hydrophobicity of the oligomer effecting hydrophobic interactions with lectins, whereas a shorter
alkyl-spacer is introduced by SDS.¥! The ethyleneglycol-based spacer BB (EDS)"®! features good

solubility in organic solvents as well as aqueous solutions and leads to high flexibility of the backbone.

Footnote: Trivial names of building blocks (BB): TDS = triple bond diethylenetriamine succinyl-, ADS = alloc
diethylenetriamine succinyl-, BADS = p-(azidomethyl)benzoyl diethylenetriamine succinyl-, MDS = methylsuccinyl
diethylenetriamine succinyl-, BDS = Boc diethylenetriamine succinyl-, DDS = double bond diethylenetriamine

succinyl-, ODS = octyl diamine succinyl-, EDS = ethylenedioxy-bis(ethylamine) succinyl-building block.
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Figure 14: Several examples of developed spacer BB and functional BB for SPPoS. 17552927561

The synthesis of most functional BBs is based on a key intermediated. ®>°® |n the following, the
exemplary synthesis of TDS is shortly described (see Scheme 4).7>89°U The starting material is
diethylene triamine (1) that reacts with trityl-chloride first and then with ethyl trifluoroacetate
(TFA-OEt) for the protection of the two primary amines generating the key intermediate 2. Afterwards
4-pentynoic acid 3 is coupled to the secondary amine forming an amide bond with PyBOP as coupling
reagent and triethylamine (NEts) as base. The TFA protecting group of 4 is cleaved under basic
conditions with K,CO3; and Fmoc is introduced using Fmoc-Cl producing 5. Fmoc cannot be attached to
the molecule at the beginning of the synthesis because it would not only react with the primary amine
but also with the secondary amine that now is conjugated with the triple bond. At the end the
trityl-protecting group is cleaved with TFA and triethylsilane (SiEts), as scavenger, generating the salt 6

that can afterwards react with succinic anhydride using triethylamine as base to form the product BB

TDS (7).
+ 30 1) K,CO,
1) Trt-Cl, DCM & OH H,0O/MeOH
2) TFA-OEt, THF PyBOP, HOBt 2) Fmoc-Cl, K,CO4
1 ) 2 NEt, DMF 4 H,O/THF 5
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Scheme 4: Synthetic route of functional building block TDS.!75]

Following a similar strategy, spacer BBs such as EDS can be generated (see Scheme 5).
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Scheme 5: Synthetic route of spacer building block EDS.!”*!

In short, after protection of 1 with tritylchloride forming 2, the Fmoc protecting group can be
introduced directly to the second amine. After cleavage of the trityl group of 3 with TFA and SiEts the

TFA salt 4 can react with succinic anhydride (5) forming the spacer building block EDS (6).

3.6.2 Solid phase assembly of building blocks and ligand conjugation

With the toolbox of BBs in hand, the next step in SPPoS is the assembly of the oligo(amidoamine)
scaffold on solid support (see Scheme 6). Following standard Fmoc-peptide coupling protocols,
attachment of the first building block to the solid support (a) the successive Fmoc-deprotection (b)
with piperidine (25% solution in DMF) and coupling of the next tailor-made BB, using usually PyBOP as
coupling reagent and DIPEA as base, lead to the formation of suitable oligomer backbones. The last BB
is usually capped with acetic anhydride (c) after Fmoc-deprotection to avoid side reactions during the
following functionalization of side chains. The introduction of e.g. carbohydrate units along the
oligomeric scaffold can be performed with different conjugation strategies and depends on the
functional groups in the oligomer chain. The synthesis of glycosylated oligo(amidoamines) by solid
supported polymer synthesis using TDS as functional BB and applying CUAAC for the conjugation of
carbohydrate units is shown in Scheme 6 (d).””! CuAAC is applied to conjugate an azidated
carbohydrate to the alkyne previously introduced by TDS into the backbone on solid support. One of
the advantages of performing the conjugation on solid support is the easy use of high excess of
reagents and potential double couplings to realize full conversion. The other important advantage is
the facile removal of all Cu residues, by a special washing protocol with DMF and DCM after
complexation with dithiocarbamate.” CUAAC can be performed with an unprotected carbohydrate
ligand, however, in most cases an acetyl-protected ligand is applied. Therefore, in the final step on
resin acetyl-protected hydroxyl groups of coupled carbohydrate units are deprotected using NaOMe
in methanol. Finally, the targeted structure can be cleaved off the resin (e). In case of rink-amide

Tentagel®-resin cleavage is performed with 95% TFA with triisopropylsilane (TIPS) and DCM (1:1).
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Scheme 6: SPPS of glycooligo(amidoamines) applying CuAAC.

The generated glycooligomers represent so called homomultivalent glycomimetics if only one type of
carbohydrate is attached multiple times on the oligomeric scaffold. Homomultivalent glycooligomers
can be achieved if the conjugation of carbohydrates is performed at the end of the synthesis and only
one type of functional building block is used as shown in Scheme 6. Also the synthesis of glycooligomers
that exhibit different carbohydrates at defined positions is possible. These constructs are called
heteromultivalent glycooligomers and can be afforded by alternating deprotection/coupling and
carbohydrate conjugation steps or during the introduction of different functionalities on the backbone

suitable for orthogonal conjugation strategies with carbohydrates.[76!

Major focus has been devoted to the synthesis of heteromultivalent glycooligo(amidoamines) carrying
different carbohydrate ligands in the side chains. Therefore, different conjugation strategies based on
the different functional groups available from the functional building blocks have been established
such as CUAAC, thiol-ene conjugation or Staudinger ligation.7>8%°192% | the following the mechanism

of CuAAC will be shortly discussed, since it was also applied in this work.
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The copper-catalyzed azide-alkyne cycloaddition reaction (CUAAC) was first described by Meldal et al
and Sharpless et al simultaneously in 2001 and describes the regioselective cycloaddition reaction
between an alkynylated with an azidated compound forming a 1,2,3-triazole linkage.®® The copper-
free connection between an alkyne and an azide was already described in 1893 and is known as
Huisgen reaction.® It required high temperatures, long reaction times and was not stereoselective.
The CuAAC reaction is very efficient with almost complete conversion at room temperature and
satisfies the definition of a click reaction. It exhibits a high tolerance towards different conditions and
substrates, though the Cu(l) species is sensitive to oxidation by air.'°®” Therefore, reducing agents are
used, usually sodium ascorbate. CuSO, can serve as the copper source. The proposed mechanism of

the CUAAC reaction is shown in Scheme 7.[101]

The active Cu(l) species coordinates the alkyne group (1 and 2) and substitutes in the following the
proton, whereupon a second Cu(l) coordinates the alkyne (3). The cycloaddition reaction now includes
the second Cu(l) during the ring formation (see 5 and 6) with the azide 4. After formation of the
triazole (7) the bound Cu(l) is substituted with a proton, generating the heterocycle 8 and the copper

is available for the next reaction cycle.
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Scheme 7: Proposed di-copper-mechanism of Cu-catalyzed azide-alkyne cycloaddition click reaction (CuAAC).
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4 Aims and Outlines

Carbohydrate-lectin interactions play a pivotal role for recognition and adhesion processes in nature.
They are often determined by multivalent binding effects as single carbohydrate-lectin interactions are
rather weak. The underlying mechanisms of multivalent carbohydrate binding are still not well
understood but would provide new opportunities for the development of next generation

carbohydrate-based therapeutics such as antibiotics or anticancer drugs.

The investigation of binding in carbohydrate-lectin interaction is often hampered by the demanding
synthesis of complex natural glycoconjugates. Therefore, multivalent glycomacromolecules presenting
more simplified carbohydrate motifs on a synthetic scaffold have been developed as glycomimetic
models of their natural counterparts. Fortunately, only a relatively small amount of monosaccharides
seems to build the main carbohydrate target structures with fucose being one of the most important
binding motifs due to its exposed position in crucial complex carbohydrates like in histo blood group
antigens (HBGA). Interestingly not only bacterial but also viral capsid proteins can bind fucosylated
structures of HBGA as is the case for the two important fucose-binding pathogens, Norovirus and

Pseudomonas aeruginosa.

Epidemic outbreaks of Norovirus infections cause many deaths every year due to serious
gastroenteritis. The Norovirus capsid protein called P-dimer is suspected to be responsible for the main
interactions with the host cell membrane during carbohydrate-binding leading to first steps of
infection. P-dimer exhibits four non-equivalent binding pockets for HBGA located in the cleft formed
by the protein-monomers where a-L-fucose seems to be always involved during successful binding.
Recently a concentration-dependent multi-step binding process of a-L-methylfucose and HBGA has
been discovered leading to the assumption that multivalent binding effects might play a role in the
attachment of Norovirus capsid protein to the host cell surface. The opportunistic bacterium
Pseudomonas aeruginosa is known to cause serious secondary infection in immune-suppressed
patients. It forms very dense biofilms on almost all kinds of tissues and organs of the patient. LecB is a
crucial lectin of P. aeruginosa that is supposed to be involved in the biofilm formation by adhesion
towards fucosylated glycan structures on the human cell surfaces. Although several researchers have
shown the potential blocking of LecB by fucosylated macromolecules, the mechanistic details in the

binding process remain unclear.

Therefore, in this work, monodisperse fucosylated glycomacromolecules should be synthesized to
investigate fundamental aspects of multivalent binding with lectins from Norovirus and P. aeruginosa.
To allow for the investigation of structure-function relations, monodisperse sequence-controlled
glycooligo(amidoamines) should be used as platform for the defined presentation of fucose side

chains. These glycomimetics were first introduced by Hartmann et al and are accessible via the
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step-wise assembly of tailor-made building blocks on solid support giving sequence-controlled
oligo(amidoamine) scaffolds with precisely positioned functional side chains. These can then be used
for the introduction of carbohydrates e.g. by copper-mediated click reaction leading to so-called

precision glycomacromolecules.

Special focus should be devoted to the influence of valency (humber of fucose ligands) and spacing
between the fucose side chains on the binding and inhibition behavior towards lectins of interest. For
that purpose, the synthesis of suitable backbones constructed by previously established tailor-made
building blocks was required as well as the synthesis of alpha-functionalized L-fucose with an

appropriate azide linker for the attachment onto the oligomeric scaffolds by CUAAC reaction.

To extend the structural realm of glycomacromolecules further and potentially enable enhanced
binding towards the lectins of interest, heteromultivalent glycomacromolecules should be designed
and synthesized mimicking histo blood group antigens (HBGA). For this goal, the synthesis of a new
building block is necessary that enables the attachment of different carbohydrates in close proximity
to each other. Besides a-L-fucose, anomerically pure azidated derivatives of a-D-galactose, N-acetyl-
a-D-galactosamine, a-sialic acid and B-D-lactose with appropriate linkers need to be prepared for the

attachment to the oligomeric scaffolds by CUAAC reaction.

The generated fucosylated glycooligomers should then be subjected to several binding studies with
P-dimer and LecB in close collaboration with groups from virology and enzymology. To evaluate if the
multistep process in binding of P-dimer to fucose-ligands is based on multivalent binding effects, the
interactions of fucose-oligomers, exhibiting different structural characteristics such as varying
valences, spacing between the fucose units and chain length, should be investigated by native mass
spectrometry by Hao Yan and Dr. Charlotte Uetrecht, by saturation transfer difference (STD) NMR by
Robert Creutznacher, Dr. Alvaro Mallagaray and Prof. Dr. Thomas Peters and by co-crystallization
experiments by Kerstin Ruoff, Dr. Turgay Kilic and Dr. Grant Hansman. With these methods it is
expected to get information about the binding behavior and strength between fucose-oligomers and
P-dimer as by native MS and STD NMR studies dissociation constants (Kp) can be determined. In
addition, the molecular details in binding could be evaluated by co-crystallization and epitope-mapping
(NMR). Examining the influence of fucose-valences and spacing within fucose-oligomers on their
inhibitory potential towards LecB and further biofilm formation inhibition-competition-assays should
be performed by surface plasmon resonance spectroscopy (SPR). In addition, an enzyme-linked lectin
assay (ELLA) should be performed by Nikolina Babic and Dr. Filip Kovacic. Both assays should be
adapted to the system fucose-oligomer-LecB. With these methods it is expected to gain insights about

structure-function-relations in binding towards and inhibition of LecB.

35



5 Publications

5.1 Fucose-functionalized precision glycomacromolecules targeting human
norovirus capsid protein

Katharina Susanne Blicher, Hao Yan, Robert Creutznacher, Kerstin Ruoff, Alvaro Mallagaray, Andrea
Grafmiuiller, Jan Sebastian Dirks, Turgay Kilic, Sabrina Weickert, Anna Rubailo, Malte Drescher, Stephan
Schmidt, Grant Hansman, Thomas Peters, Charlotte Uetrecht, Laura Hartmann

Biomacromolecules 2018, 19 (9), 3714-3724

DOI: 10.1021/acs.biomac.8b00829
Received 24 May 2018

Published online 2 August 2018
Published in print 10 September 2018

https://pubs.acs.org/doi/10.1021/acs.biomac.8b00829

Own Contribution (first author)

Synthesis of all building blocks and of azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside, synthesis of all
glycomacromolecules, characterization of all compounds by conducting HPLC-MS measurements and
analyzing results of NMR, MALDI-TOF-MS and HR-ESI-MS, collaborative design of fucosylated

glycomimetic structures, collaborative writing of the paper.

Reprinted with permission from K. S. Biicher, H. Yan, R. Creutznacher, K. Ruoff, A. Mallagaray,
A. Grafmdiller, J. S. Dirks, T. Kilic, S. Weickert, A. Rubailo, M. Drescher, S. Schmidt, G. Hansman,
T. Peters, C. Uetrecht, L. Hartmann, Fucose-functionalized precision glycomacromolecules targeting
human norovirus capsid protein, Biomacromolecules, ACS, 2018, 19 (9), 3714—3724. Copyright © 2018
American Chemical Society.

36



Downloaded via DUESSELDORF LIBRARIES on September 12, 2018 at 10:23:57 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Y & Cite This: Biomacromolecules 2018, 19, 3714-3724

Fucose-Functionalized Precision Glycomacromolecules Targeting
Human Norovirus Capsid Protein

Katharina Susanne Biicher,” Hao Yan,” Robert Creutznacher,” Kerstin Ruoff,! Alvaro Mallagaray,§
Andrea Grafmiiller," Jan Sebastian vDirks,T Turgay Kilic,! Sabrina Weickgrt,# Anna Rubailo,” '
Malte Drescher,” Stephan Schmidt,"® Grant Hansman,' Thomas Peters,” Charlotte Uetrecht,* 1
and Laura Hartmann®"

"Heinrich-Heine-University Diisseldorf, Institute for Organic Chemistry and Macromolecular Chemistry, Diisseldorf, Germany
*Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg, Germany
SInstitute of Chemistry and Metabolomics, University of Liibeck, Liibeck, Germany

ISchaller Research Group at the University of Heidelberg and the DKFZ, Heidelberg, Germany and Department of Infectious
Diseases, Virology, University of Heidelberg, Heidelberg, Germany

“Max-Planck-Institute of Colloids and Interfaces, Department of Theory and Bio-Systems, Potsdam, Germany
#University of Konstanz, Department of Chemistry and Konstanz Research School Chemical Biology, Konstanz, Germany
q[European XFEL GmbH, Schenefeld, Germany

© Supporting Information

pubs.acs.org/Biomac

Precision
glycomacromolecules

ABSTRACT: Norovirus infection is the major cause of nonbacterial
gastroenteritis in humans and has been the subject of numerous
studies investigating the virus’s biophysical properties and bio-
chemical function with the aim of deriving novel and highly potent
entry inhibitors to prevent infection. Recently, it has been shown that
the protruding P domain dimer (P-dimer) of a GIL10 Norovirus L
strain exhibits two new binding sites for L-fucose in addition to the

canonical binding sites. Thus, these sites provide a novel target for the i Tfj

design of multivalent fucose ligands as entry inhibitors of norovirus < J N,

infections. In this current study, a first generation of multivalent =2 =2 we

fucose-functionalized glycomacromolecules was synthesized and

applied as model structures to investigate the potential targeting of fucose binding sites in human norovirus P-dimer.
Following previously established solid phase polymer synthesis, eight precision glycomacromolecules varying in number and
position of fucose ligands along an oligo(amidoamine) backbone were obtained and then used in a series of binding studies
applying native MS, NMR, and X-ray crystallography. We observed only one fucose per glycomacromolecule binding to one P-
dimer resulting in similar binding affinities for all fucose-functionalized glycomacromolecules, which based on our current
findings we attribute to the overall size of macromolecular ligands and possibly to steric hindrance.

Norovirus P-dimer

1. INTRODUCTION

Noroviruses (NoVs) belong to the Caliciviridae family and are
the main cause of epidemic outbreaks of nonbacterial
gastroenteritis worldwide. NoVs cluster in 7 main genogroups
(termed GI-GVII) and these genogroups are further divided
into numerous genotypes. The GII genotype 4 (GIL4) has
caused several pandemics over the past decade and is by far the
most clinically relevant." Histo-blood group antigens (HBGAs)
and the a-1,2-linked fucoside are well studied binding
determinants for NoV.” The viral particles have icosahedral
symmetry and contain 180 copies (90 dimers) of the major
structural protein VP1 (~60 kDa). The VPI is divided into
shell (S) and protruding (P) domains. The P domain dimer
(P-dimer) contains two HBGA binding sites.”* These two
HBGA pockets (termed fucose sites 1 and 2) are for the most
part structurally conserved with genotypes, but are different

i i © 2018 American Chemical Society
7 ACS Publications

3714

37

among the genogroups.” Recently, a third and fourth al,2-
linked fucoside binding pocket (termed fucose sites 3 and 4)
located between the two outer canonical binding sites were
discovered by X-ray crystallography (Figure 1).°~” The atomic
distances between the four-fucose binding pockets are
estimated to be 11 A (fucose sites 1 and 3), 17 A (fucose
sites 1 and 4) and 27 A (pockets 1 and 2). It has been shown
that the terminal a-L-fucoside moiety of HBGAs plays a key
role in binding onto P-dimer for many NoV genotypes, where
the responsible residues at binding pockets 1 and 2 are highly
conserved.”” However, the binding affinity to L-fucose is rather
weak and in the low millimolar range. In order to increase
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Published: August 2, 2018
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fucose-2

fucose-3 fucose-4

Figure 1. Structure of NoV GIL.10 P-dimer (monomers A [teal] and
B [salmon], surface representation) in complex with L-fucose (green
sticks). Binding of L-fucose to the four binding sites in P-dimer was

demonstrated to be a dose-dependent and stepwise process, in which
pockets 1 and 2 displayed the highest affinities toward 1-fucose.’

binding by avidity, multivalent structures presenting several
fucose ligands can be used. Bundle et al. have shown that
fucosylated polymers (60—100 kDa) had 10°fold enhanced
binding to NoV-like particles.'”"" However, little is known
about the underlying mechanism of the ligand-virus binding
and whether it is possible for a multivalent fucose-bearing
ligand to bind simultaneously at all four binding sites.
Therefore, in this study, we report on the synthesis of a first
generation of fucosylated precision glycomacromolecules and
their use as multivalent model structures for the investigation
of binding to NoV P-dimers. Precision glycomacromolecules

were synthesized following previously established protocols for
the stepwise assembly of tailor-made building blocks on solid
support, giving an oligo(amidoamine) scaffold that allows for
the conjugation of sugar ligands in the side chains.'”'® By
choosing the sequence of building blocks during solid phase
assembly, the number and position of fucose ligands along the
scaffold can be controlled. The binding of the fucosylated
glycomacromolecules on NoV P-dimers were investigated with
two different GII genotypes (GIL4 and GIL10) using a
combination of native MS, STD NMR, and X-ray crystallog-

raphy.

2. EXPERIMENTAL SECTION

2.1. Solid Phase Synthesis of Glycomacromolecules. The
synthesis of glycomacromolecules was realized by solid phase polymer
synthesis, based on previously established protocols by stepwise
assembly of tailor-made building blocks, specifically an alkyne-
functionalized building block (TDS) and an ethylene glycol building
block (EDS; Scheme 1)."*™'¢ The resulting oligomer backbones were
functionalized with fucose ligands on defined positions by using
azido-functionalized a-L-fucopyranoside (Fuc-N;) in a Cu-mediated
alkyne—azide cycloaddition (CuAAC) on solid support (Scheme 1).
The final target structures were cleaved from the resin and purified by
preparative RP-HPLC leading to glycomacromolecules 1—-9 (Figure
2; for details, cf. SI).

Scheme 1. General Synthetic Scheme for the Preparation of Precision Glycomacromolecules Presenting Fucose via Solid Phase

Assembly of Tailor-Made Building Blocks”
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Figure 2. Overview of the structures of precision glycomacromolecules 1—9 presenting a-L-fucose and p-galactose.
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Figure 3. Glycomacromolecule simulations: (A) distribution of the radius of gyration for molecules 1, 2, 3, 4, S, and 7; (B) distribution of the
distance between fucose ligands for molecules 2 (purple), S (blue), and 7 (green); (C) snapshot of glycomacromolecule 2 and (D) snapshot of
glycomacromolecule S.

3. RESULTS AND DISCUSSION of tailor-made building blocks on solid support, or so-called
solid phase polymer synthesis,'>'* for the sequence-controlled
attachment of a-L-fucoside in the side chain of monodisperse
oligo(amidoamine) scaffolds. Two different building blocks

3.1. Design and Synthesis of Precision Glycomacro-
molecules. The focus of this study was the synthesis of

fucose-presenting precision macromolecules and their use as were used: (i) a hydrophilic spacer building block (EDS) and
multivalent model structures to investigate binding to NoV P- (i) an alkyne-functionalized building block (TDS).'>'> All
dimers. Two different GII genotypes (GIL4 and GIL10) were building blocks possess a free carboxyl and an Fmoc-protected
examined. We applied previously reported stepwise assembly amine group allowing for chain elongation via standard Fmoc-
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peptide coupling protocols. The sequence of building blocks
during the chain elongation thereby gives the primary
sequence of the macromolecular scaffold and allows for
variations of the number and position of sugar ligands, as
well as the overall length of the scaffold. After assembly of the
scaffold, the alkyne side chains are conjugated with azido-
functionalized a-L-fucoside or D-galactoside derivatives via
Cu(I)-mediated 1,3-dipolar cycloaddition (CuAAC) to give
the final precision glycomacromolecules (see Scheme 1). The
azido-functionalized D-galactose was obtained following
literature protocols'” and used as anomeric mixture with an
a/P-ratio of 1:4 as both anomers could serve as a negative
control for binding. Azido-functionalized a-L-fucose derivative,
1-azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside, was synthe-
sized adapting a protocol applying H,SO,-silica catalyst for a-
L-fucose with an azido ethyl linker (see S1)."® Here, isolation of
the a-anomer is important, since this is the “native type” of
monosaccharide that binds onto the NoV P-dimer.”

Overall, nine precision glycomacromolecules were synthe-
sized presenting up to four fucose ligands (Figure 2). As
monovalent ligand (1), an oligomeric backbone with three
EDS building blocks to each side of the fucose side chain was
synthesized in order to account for a similar overall chain
length in comparison to the other glycomacromolecules of this
study. For divalent glycomacromolecules, a series with varying
interligand distance going from zero to three EDS spacing
building blocks between the fucose carrying building blocks
was synthesized (2—S5). Assuming an all-stretched conforma-
tion of the oligomeric backbone, the distance between two
neighboring fucose ligands with no additional spacer building
block would be ~31 A and thus correspond roughly to the
distance between fucose sites 1 and 2 (~27 A)."" However, we
should rather assume a coiled structure of the glycomacromo-
lecules in solution, since this coiled structure was previously
discovered using fluorescence correlation spectroscopy.'” To
obtain insights into the conformation of fucosylated glyco-
macromolecules in solution, MD simulations were performed.
Distance distributions of neighboring fucose ligands (center of
mass of fucoses) for glycomacromolecules with different
spacing range from approximately 10 to 20 A (see Figure
3B). Thus, different spacing of ligands along the backbone
does not become evident as differences in ligand spacing in the
coiled conformation (Figure 3C,D). However, upon contact to
a protein receptor, a change in the scaffold’s conformation
might occur to accommodate binding sites of the receptor.'”*°
Furthermore, MD simulations indicate that longer backbones
lead to an increase in the radius of gyration of the overall
glycomacromolecule (Figure 3A). Therefore, in order to keep
the overall chain length constant, EDS building blocks were
added to the backbone to obtain an overall chain length of five
building blocks for all divalent macromolecules. Additionally,
two tetravalent glycomacromolecules were synthesized having
zero or one spacer building block between the sugar side
chains (6, 7). As control, a monovalent galactose function-
alized glycomacromolecule (8) was synthesized as well as a
first heterodivalent structure presenting one fucose and one
galactose ligand (9).

The glycomacromolecules have been isolated as crude
products after deprotection of the carbohydrate side chains
and obtained after cleavage from the solid support with purities
of 90—95% (analyzed by integration of UV signal at 214 nm
using RP-HPLC). All glycomacromolecules were then further
purified by ion exchange chromatography (quarternary
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ammonium, acetate form)>' followed by semipreparative RP-
HPLC and obtained with final purities >97% (analyzed by
integration of UV signal at 214 nm using RP-HPLC; Table 1).
All structures were confirmed by MS, HPLC, and NMR (see
SI).

Table 1. Analytical Data Obtained for Precision
Glycomacromolecules 1-9

MW (g/mol) Relative Ry
calculated Purity”(RP- (nm)
Entry = Glycomacromolecule (meas.[M +Na]+)' HPLC)
Schematic structures
1938.04 98% n.m.
1 LXD:)&CD(:)C) (19611)
1745.90 98% 1.3+0.1
2 é)éym (1769.0)
1745.90 98% n.m.
3 63(5(:(3 (1 769.0)
1745.90 99% n.m.
4 é)'_x_)é)’_) (1769.0)
1745.90 99% 1.2+0.04
5 é)\JJJ& (1 769.0)
2052.01 99% 1.2+0.1
6 6(555 (2075.0)
2742.39 97% n.m.
7 é)cxﬁ:xé}cxé) (2765.4)
3 B g 1954.04 99% n.m.
DD (1977.1)
9 2 g 1761.90 95% 1.3+0.1
- (1784.9)

As determined by MALDI TOF MS as [M + Na]*. As determined
by integration of UV-signal in RP LCMS for final products (gradient:
water/acetonitrile (95:5) to water acetonitrile (1:1) in 30 min). As
determined by dynamic light scattering. *Buffer surrogate = 20 mM
tetraethylammonium acetate (TEAA), 300 mM ammonium acetate
(AmAc), pH 7, n.m. = not measured.

In order to analyze hydrodynamic size of the derived
glycomacromolecules in solution, a light scattering study was
performed. We observed that selected glycomacromolecules
show hydrodynamic diameters of about 1.2—1.3 nm under
buffered or high ionic strength conditions (see Table 1). These
values are slightly larger than would have been expected based
on the modeling data (R, = 0.665Rg, for random coil polymers
in 6 conditions), but they still support an overall coiled
conformation of the glycomacromolecules. Interestingly, when
performing the measurement in the absence of salt (ultrapure
water), we see the formation of aggregates of about 115 + 15
nm in diameter. Since the overall solution is still optically
transparent, we assume that the overall number of aggregates is
rather small. However, to further confirm these findings
additional experiments will be required, for example, cryo-
TEM.

3.2. Binding Studies of Glycomacromolecules toward
NoV GII.4 P-Dimer. Native MS Measurements. In order to
obtain first insights into the potential multivalent binding of
fucose-presenting glycomacromolecules to P-dimer, native MS
measurements were performed using GIL.4 P-dimers. In short,
native MS employs nanoelectrospray ionization (ESI) to
preserve noncovalent complexes in the gas phase and therefore
allows analysis of the number of glycomacromolecules bound
to the P-dimer protein.””>** Since binding affinities of P-
dimers for glycans are low, the reference protein method is
used to correct for unspecific clustering of ligands during the
ESI process.”* It has previously been shown that the size of the
reference protein does not affect the unspecific clustering,™
and we therefore chose cytochrome c¢ to avoid any spectral
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overlaps. As small ligands only marginally influence ionization
efficiency, the peak areas of bound and unbound P-dimer can
be translated into concentrations and the Kp be directly
retrieved from the law of mass action. As is well described in
the literature, multivalent ligands such as the precision
glycomacromolecules can undergo dlfferent binding modes
when binding to a multivalent protein.”® In the native MS
experiment, the intermolecular complex formation can be
observed and particularly the stoichiometry of several ligands
binding to one protein receptor can be detected.””
Furthermore, it is possible to ramp ligand concentrations like
in a titration to deduce cooperativity. In this case, we have
analyzed 2—3 concentrations, which gave consistent K, values
(see Table 2), indicating no strong cooperative effects.

Table 2. Results of Native MS Measurements of
Glycomacromolecules 1—9 as Well as HBGA B
Tetrasaccharide as Positive Control Binding to GIL.4 P-
Dimer

Entry Glycomacromolecule Kpi (uM)* glycon?::r‘f;:)lizzllfll:e (M)
100 150 200

Schematic structures Ma)gimum mumher o.f
glycooligomers per P-dimer

1 PR W —— X ) 1 1 1

2 . 310+ 90 1 1 2

3 AA 240 £ 60 1 2 2

4 % N 340 = 130 1 1 2

5 . S ) 290 £ 90 1 1 2

6 PN 380+ 100 1 1

7 A A A A 33080 1 1 1

8 e | 2400 £ 600 1 1 1

9 ——— — 370+ 90 1 1

HBGAB 110 +30 2 3 3

“Average value for the dissociation constant for the first

glycomacromolecule bound, errors represent the standard deviation.

Figure 4 shows an exemplary mass spectrum after correction
for unspecific clustering and normalization to the highest
unbound protein peak recorded for glycomacromolecules §
and 6 binding to GIL.4 P-dimer at different concentrations. For
higher concentrations (200 #M), it can be seen that up to two
glycomacromolecules 5 can bind to GIL4 P-dimer at the
concentrations tested (p2; Figure 4). From the experiment we
cannot say, which of the fucose ligands binds to the protein or
which of the protein binding sites is occupied. However, an
apparent binding constant Ky, for the first binding event (p1)
can be derived from the intensities of the different complexes
giving an indication for the overall affinity of the
glycomacromolecules toward GIL.4 P-dimer.

Table 2 shows the data obtained for the series of
glycomacromolecules using GII.4 P-dimers. Initially, we
examined the negative control, the galactose carrying structure
8. We observed some residual binding at higher concentration
(SI) with weak binding affinities (Kp; = 2.4 + 0.6 mM). Based
on the available STD NMR data, we know there is no
interaction between NoV and galactose (see also Figure s).
The observed binding therefore is considered a result from
variation in electrospray quality or marginal backbone
contribution. Signals of this residual binding do not exceed
10% including standard deviation for pl and are therefore
defined as threshold for stoichiometry determination. Next, the
number of glycomacromolecules that can bind to GIL4 P-
dimer in dependence of their valences was examined. We
found that at the highest concentration evaluated, ligand-
protein complexes with up to two glycomacromolecules per
protein were detected for divalent systems 2—S. This is in
agreement with previous studies investigating the multivalent
binding of glycomacromolecules based on similar scaffold
showing formation of intermolecular complexes via ligand—
receptor clustering.'”'® All other glycomacromolecules show
only binding of one glycomacromolecule per protein above

A)1 ’ 6@@@6 (5)
1.01 PO PO PO
0.84
% 0.6 1 p1
g [P 1
0.44
0.2 p2 p2 2
0.0~
100 150 200
concentration/yM
1.2q
SHEESL (6)
{0 PO
0.8
Z0s p1
£ 0.4
p1
0.2 p2 p2
0.0- -

150
concentration/uM

100

Figure 4. (A) Native MS results: interaction of NoV GIL4 P-dimer with glycooligomers $ and 6 at indicated concentrations in 300 mM NH,OAc
and 20 mM TEAA pH 7; (B) proposed binding of divalent glycomacromolecule § with P-dimer (structures not to scale).
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Figure 5. STD NMR spectra of glycomacromolecule 7 (B) and tetravalent galactose-functionalized glycomacromolecule 11 (see SI; D). Spectra
were acquired on a Bruker AVIII 500 MHz NMR spectrometer. The concentration of glycomacromolecules 7 and 11 was 1 mM in each sample.
STD spectra were obtained in the presence of 30 #M GIL4 P-dimers with a saturation time of 2 s. For more details, see Experimental Section. (A)
Reference (off-resonance) 'H NMR spectrum of glycomacromolecule 7. (B) Difference spectrum of glycomacromolecule 7 in the presence of P-
dimers. (C) Reference (off-resonance) "H NMR spectrum of 11, (D) Difference spectrum of 11 in the presence of P-dimers. For display, the
difference spectra (B) and (D) have been scaled by factors of S00 and 256, respectively, due to a different number of scans used in the experiments

(see Experimental Section).

threshold. This is particularly interesting for the higher valent
structures 6 and 7, as they present four instead of two fucose
units but show no enhanced binding and formation of only
single ligand—protein complexes. We would have rather
expected an increase in intermolecular complex formation
due to higher statistical chance of ligand—receptor binding.
Indeed, it has been shown for glycopolymers that higher-valent
structures do not necessarily promote increased binding but
that an increase in the number of sugar residues can also lead
to a decrease in binding."> The underlying mechanisms of such
findings are not fully understood but contributions could arise
from increasing sizes of the ligands or decreased rotational
freedom with increasing valency.

When we now look at the Ky, values derived from the native
MS experiments (see Experimental Section), all fucose
containing glycomacromolecules have similar affinities (Kp,
of 200—400 pM). In order to compare Kp; values with known
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ligands of P-dimer, HBGA B tetrasaccharide type 1 was tested
with GIL4 P-dimers. The natural ligand has a slightly higher
affinity (Kp; of 110 + 30 uM). The monosaccharide ligand,
methyl a-L-fucopyranoside, could not be used as reference as
the mass difference is too small to allow for resolution between
bound and unbound species. If the glycomacromolecules
would be able to address more than one binding site of P-
dimer simultaneously in a chelate binding mode, we would
expect an increase in affinity. We therefore conclude that only
single fucose ligands per glycomacromolecule bind and no
avidity effects are observed in the different multivalent
structures as is also supported by the heterovalent species
(9) behaving similar to the fucose only structures.

When considering simultaneous binding of different fucose
residues of one glycomacromolecule, based on the ligand
distances derived from the modeling and light scattering study,
glycomacromolecules in their coiled conformation could

DOI: 10.1021/acs.biomac.8b00829
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Figure 6. NMR chemical shift perturbation (CSP) experiments. CSPs are given as Euclidean distances A8.* Selected regions from 'H,'*N-TROSY
HSQC experiments (A) showing NH cross peaks of amino acids of uniformly *H,*N-labeled GIL.4 P-dimer (black contours) and with Euclidean
perturbations > y + 30 in the presence of 1 mM concentration of glycomacromolecule 6 (red contours). For comparison, to the right the same
region of a 'H,”*N-TROSY HSQC spectrum of P-dimers (black contours) compared to a spectrum in the presence of 4 mM methyl a-L-
fucopyranoside (blue contours) is shown. (B) CSPs are mapped on the crystal structure of the GIL4 P-dimer (pdb 4 X 06). For clarity, only the -
fucose residues (blue) of the B-trisaccharide ligands are shown. CSPs > p + 26 are highlighted in orange, CSPs > y + 35 are highlighted in red.
Gray balls indicate perturbations below the significance threshold (26). (C) CSPs (A5) of backbone NH signals. The upper panel shows the effect
of glycomacromolecule 6, and the lower panel refers to methyl a-L-fucopyranoside. 26 (orange in the upper panel, light blue in the lower panel)
and 36 (red in the upper panel, blue in the lower panel) levels are visualized by dashed lines.

bridge binding site 1 with fucose binding sites 3 (also sites 2
and 4; see Figure 1). However, as previously discussed, this is
not supported by similar K, values in native MS experiments.
In principle, multivalent ligands based on flexible scaffolds such
as the glycomacromolecules can also undergo a conformational
change paying an entropic penalty in order to increase ligand-
protein interactions.'””” Thereby, glycomacromolecules could
theoretically also bridge the outer binding sites 1 and 4. To test
this, divalent glycomacromolecule 4 was used in an electron
paramagnetic resonance (EPR) experiment similar to pre-
viously described experiments by Wittmann and Drescher.'’
By the introduction of spin labels, here TEMPO side chains, at
both ends of the glycomacromolecule (see SI for synthesis and
characterization of resulting glycomacromolecule 10), dis-
tances between these labels were analyzed in the absence and
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presence of P-dimer via double electron—electron resonance
(DEER) spectroscopy (see SI for experimental setup).”* > No
significant differences in the absence and presence of GIL4 P-
dimer were observed suggesting that the conformational
ensemble of the glycomacromolecule remains unaltered upon
interaction with P-dimer (see SI).

Recent studies based on native MS®' and simple docking®
show that larger oligosaccharides such as blood group A or B
tri- and tetrasaccharides do not bind into all four binding sites
simultaneously. Along those lines, monovalent binding of
glycomacromolecules could be attributed to steric effects
resulting from the scaffold blocking binding of a second ligand.
Since there are no indications of simultaneous binding of
several fucose residues of the same glycomacromolecule, at this
time, we cannot exclude the influence of other structural

DOI: 10.1021/acs.biomac.8b00829
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R356 [NE] H-Donor KBAG600 [03] H-Acceptor | Hydrogen Bond 271
R336 [NH2] H-Donor KBAG00 [04] H-Acceptor | Hydrogen Bond 2.96
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R336 [NE] H-Donor KBA600 [04] H-Acceptor | Hydrogen Bond 346
D385 [OD2] H-Acceptor KBAG600 [03] H-Donor | HydrogenBond 347
A354 Alkyl KBA600 Alkyl Hydrophobic 3.65
Y452 Pi-Orbitals KBAG600 Alkyl Hydrophobic 394

Figure 7. X-ray structure analysis of glycomacromolecules 6 cocrystallized with GIL.10 P-dimer: (A) Asymmetric unit cell contained one P domain
dimer and one glycomacromolecule 6. The GIL10 P domain was subdivided into monomer chain A (salmon) and B (teal), while the
glycomacromolecule is shown in yellow. Close-up view of the binding pocket of GIL.10 P domain in complex with fucose ring and a linker structure
of glycomacromolecule 6. Hydrogen bond interactions are black lines and hydrophobic interactions are orange lines. The Omit map (mFo-DFc,
blue mesh) is countered at 3.0 6. (B) List of interactions where hydrogen bonds are between 2.5 and 3.5 A, while hydrophobic interactions are
between 3.6 and 5.3 A. KBA is the code for glycomacromolecule 6 and the number 600 refers to the position of this ligand in the structure file.

parameters leading to an overall monovalent binding mode,
such as an improper spacing of ligands along the scaffold or the
conformational flexibility of the scaffold that are well-known to
affect multivalent ligand—receptor binding.'>'**

NMR Measurements Using Gll.4 P-Dimers. In order to
prove that ligand—receptor interactions observed in native MS
are indeed based on binding of the fucose ligands attached to
the macromolecular scaffold, we performed STD NMR
experiments””** as well as protein-based chemical shift
perturbation (CSP) NMR experiments. In STD NMR
experiments, proton transitions of the protein are saturated
applying a low-power radio frequency (r.f.) field at a frequency
that does not interfere with any of the ligand resonances. Best
results are obtained by using a cascade of Gaussian-shaped low
power r.f. pulses. In large proteins, slow tumbling allows for a
process called spin diffusion that quickly distributes the
saturation throughout the protein, and also toward ligands
bound to it. Upon dissociation, ligands revert to fast tumbling
and to associated altered relaxation properties allowing them to
“store” the received saturation for a much longer period of
time than in the slow tumbling protein-bound state. Therefore,
a large excess of ligand over protein warrants a maximum
accumulation of saturation transfer in the unbound state.
Technically, the degree of saturation transfer is measured using
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difference spectra that are generated by subtracting NMR
spectra with saturation from spectra without saturation
transfer. STD NMR spectra discriminate binding ligands
from nonbinding ligands, at the same time providing
information on the binding epitope: Ligand protons closer to
protons in the protein binding pocket show stronger STD
signals than more remote protons. Performing a titration, STD
NMR can be used to obtain dissociation constants Kp. The
experiment is extremely well suited for the detection of low
affinity binding and works best for low 4M to mM K, values.”

Precipitation of ligands in the presence of GIL4 P-dimers
was a general problem, making it difficult to provide optimum
conditions for STD NMR experiments. For instance,
glycomacromolecule 1 led to precipitation at concentrations
around 1 mM in the presence of a 30 uM solution of GIL4 P-
dimers. Therefore, we were unable to obtain STD NMR
titration curves that would have allowed determination of
dissociation constants K. However, the experiments provided
qualitative information about which parts of glycomacromole-
cules are in close contact with protons of the binding pocket.
As an example, Figure S shows the STD NMR spectrum of
glycomacromolecule 7 in the presence of GIL4 P-dimers. It is
obvious that the fucose residues receive by far the largest
amount of saturation whereas the backbone is almost “silent”.

DOI: 10.1021/acs.biomac.8b00829
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The spectra do not allow to conclude which of the fucose
residues binds, or whether only one or more units of an
individual glycomacromolecule attach to the protein.

As a negative control, we have recorded STD NMR spectra
for tetravalent galactose-functionalized glycomacromolecule
(11). As seen from Figure SD, there is no response from the
galactose units. Low intensity STD signals are only observed
for the backbone, at the same order of magnitude as for
glycomacromolecule 7, nicely demonstrating that selective
binding is mediated by fucose residues.

CSP NMR experiments usually employ the chemical shifts
of backbone NH protons of a protein as probes sensing
binding of ligand molecules, and at the same time mapping the
binding pocket of the protein.*® Interpretation of CSPs ideally
requires a full assignment of all backbone NH resonances. As
GIL.4 P-dimers have a molecular weight of about 70 kDa this
assignment is far from being trivial. Fortunately, we have
recently succeeded in obtaining an almost complete backbone
assignment of GIL4 P-dimers which will be published
elsewhere (Biological Magnetic Resonance Data Bank, bmrb
entry number 27445). Based on this assignment and
employing 'H,”"N TROSY HSQC spectra in the absence
and presence of ligand, we were able to map the binding of
glycomacromolecule 6 to GIL4 P-dimers, and to compare it to
the binding of methyl a-L-fucopyranoside (Figure 6).
Precipitation was a problem for CSP NMR experiments, too,
although the experimental conditions were different from the
ones applied for STD NMR. Therefore, CSP based titration
experiments to obtain dissociation constants were not an
option. Glycomacromolecule 6 was chosen as a prototypic
glycomacromolecule to test in CSP experiments as glyco-
macromolecule 6 showed the most benign behavior under the
given experimental conditions. From a comparison of CSPs
observed for glycomacromolecule 6 versus methyl a-L-
fucopyranoside as ligands, it is clear that glycomacromolecule
6 makes use of the same binding pockets as the methyl
glycoside of fucose. This underscores that the scaffold
presenting fucose residues makes little, if any contact with
the protein. Most of the CSPs are associated with NH signals
of amino acids in the binding pocket, as highlighted in Figure
6b. However, there are additional CSPs at remote positions in
the backbone revealing the presence of long-range effects that
are likely due to allosteric effects upon binding,

Overall, STD-NMR experiments support our finding that
binding of L-fucose presenting glycomacromolecules to GIL.4
P-dimers is mediated by the fucose residues and not by the
backbone. Comparison of CSP NMR experiments in the
presence of L-fucose versus glycomacromolecule 6 supports the
finding that only one fucose residue per glycomacromolecule is
involved in binding.

X-ray crystallography of Gll.10 P-dimer and glycomacro-
molecules. Finally, to investigate further which parts of the
glycomacromolecules mediate P-dimer binding, the glycoma-
cromolecules 1—9 were examined for their binding to the
GIL10 P-dimer using X-ray crystallography. The GIL10 P
domain crystals were soaked with each of the glycomacromo-
lecules 1—9 and further processed for data collection. All
crystals diffracted between 1.9 and 1.4 A resolution, which
enables to unambiguously identify the ligands that bind in
soaking experiments. Further analysis indicated that glyco-
macromolecules 1, 2, 7, and 9, as well as 8, which was used as a
negative control, yielded only apo structures with no electron
density at any of the fucose binding sites. The fucosylated
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glycomacromolecules 3, 4, S, and 6 clearly showed electron
density for one fucose moiety (Figure 7 and data not shown).
The electron density of the triazole linker of these fucosylated
glycomacromolecules was nicely defined with glycomacromo-
lecule 6, but less defined for other glycomacromolecules (data
not shown). That is why; glycomacromolecule 6 was selected
as a representative for the figure of the interaction between the
fucose moiety of the glycomacromolecules and the GIL10 P
domain. The ligand interactions in the crystal structure of the
glycomacromolecule 6 are identical to those of the other
glycomacromolecules (3, 4, and S) and show no difference
from the previously published fucose-P domain interactions.”’
The rest of the macromolecular scaffold is not detected,
therefore not allowing us to conclude on any potential
multivalent binding effects or orientation of the backbone,
but again supporting the previous finding that fucose binds to
the P domain.

4. CONCLUSION AND OUTLOOK

In summary, this study demonstrates the synthesis of a first
generation of fucose-functionalized precision glycomacromo-
lecules and their use as model structures to investigate
multivalent binding modes of human norovirus P-dimer.
Through the iterative addition of tailor-made building blocks
following the previously established solid phase polymer
synthesis, nine precision glycomacromolecules were synthe-
sized varying the number of fucose ligands from one to four as
well as the interligand spacing along the oligomeric backbone.
Binding to P-dimer was analyzed using native MS, NMR, and
X-ray crystallography. While native MS gives ligand-complex
stoichiometry as well as affinities in terms of K, values, STD
NMR identifies portions of the macromolecular ligands in
contact with the protein. In addition, protein-based chemical
shift perturbation NMR directly provides access to the
topology of the binding pocket. In combination of the
methods affinities measured by native MS can be linked to
interactions with the fucose ligands as further supported by X-
ray crystallography. Taken together, with the structural
definition and information on the glycomacromolecules as
provided by their solid phase assembly as well as molecular
modeling in combination with light scattering, a systematic
approach was presented on deriving novel macromolecular
ligands targeting P-dimer. However, we did not observe any
evidence for binding of multiple fucose units from the same
glycomacromolecules to the fucose binding sites on P-dimer,
hence high affinity ligands were not yet achieved. Quite
unexpectedly, with increasing number of fucose units, we
observed no increase in intermolecular complex formation.
Based on our current results, we attribute this finding to
sterical effects where the overall size of the glycomacromole-
cules hampers binding to more than one binding site of the P-
dimer, however, we cannot exclude other contributing factors
as well. Therefore, we are now exploring other scaffolds for the
multivalent presentation of fucose ligands reducing their
hydrodynamic size, for example, by using branched instead
of linear scaffolds.
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1. Synthesis of glycomacromolecules

1.1 Materials

Diethyl ether (with BHT as inhibitor, > 99.8%), triisopropylsilane (TIPS) (98%), (+)-sodium-L-
ascorbate (> 99.0%), citric acid (> 99.5%), D-galactose (> 99%), sodium diethyldithiocarbamat
trihydrate, sodium methanolate (95%) and all deuterated solvents were all purchased from Sigma-
Aldrich. N,N-Diisopropylethylamine (DIPEA) (> 99%) was purchased from Carl Roth. Methanol
(100%), sulfuric acid (95-98%) and acetic anhydride (Ac2O) (99.7%) were purchased from VWR
Prolabo Chemicals. N,N-Dimethylformamide (DMF) (99.8%, for peptide synthesis), piperidine (99%),
copper(Il) sulfate (98%), 2-bromoethanole (97%), sodium azide (99%) and trityl chloride (98%) were
purchased from Acros Organics. Dichloromethane (DCM) (99.99%) and acetonitrile (> 99.9%) were
purchased from Fisher Scientific. Trifluoroacetic acid (TFA) (99%) was purchased from Fluorochem.
Tentagel S RAM® (Rink Amide) resin was purchased from Rapp Polymere and had a loadin of
0.22 mmol, 0.23 mmol or 0.25 mmol of Fmoc-protected amine groups per gram of resin. L-Fucose was
purchased from Jennewein Biotechnologie GmbH. Silica gel (60 M, 0.04-0.063 mm) was purchased
from Machery-Nagel. Succinic anhydride was purchased from Carbolution. Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) was purchased from NovaBiochem. The
ion exchange resin (AG1-X8, quarternary ammonium, 100-200 mesh, acetate form) was purchased from
BioRad. Syringe filters, 4 mm, 0.45 um PTFE were purchased from Restek. Filter syringes with a

polypropylene frit were purchased from Multisyntech GmbH.

1.2 Instrumentation

Nuclear magnetic resonance spectroscopy (NMR)

"H NMR and '3C NMR (600 MHz and 300 MHz) spectra were recorded on a Bruker AVANCE III —
300 and a Bruker AVANCE III — 600. Chemical shifts were reported in delta (8) expressed in units of
parts per million (ppm). As internal standard residual, non-deuterated solvent was used (6 4.79 ppm for
D,0). STD NMR experiments were performed on a Bruker AV III 500 MHz NMR spectrometer

equipped with a TCI cryogenic probe at 298 K.
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Reverse-phase semi-preparative high-performance liquid chromatography (preparative RP-
HPLC)

For purification of the final glycomacromolecules an Agilent 1200 HPLC System with a Varian Persuit
semi-preparative column (Cis, 250x10.0 mm) was used at 25 °C. The solvent system used was
water (A) and acetonitrile (B) and the glycomacromolecules were eluted with a linear water-acetonitrile
gradient at a flow rate of 20 mL/min. The product fractions were combined and concentrated in vacuum.
The glycomacromolecules were dissolved again in milliQ-water, filtered through syringe filters and

lyophilized.

Reversed Phase - High Performance Liquid Chromatography - Mass Spectrometry (RP-
HPLC/MS)

The purities of glycomacromolecules were determined by chromatograms recorded on an analytical
RP-HPLC system (Agilent 1260 Infinity) using a Poroshell 120 EC-C18 (3.0x50 mm, 2.5 pm)
RP column from Agilent at 25°C. The mobile phases used were H O/ACN (95/5) (A) and H,O/ACN
(5/95) (B), both mobile phases containing 0.1% formic acid. The instrument was coupled to a variable
wavelength detector (VWD) that was set to 214 nm and was combined with a 6120 Quadrupole LC/MS
with an electrospray ionization (ESI) source (operating in positive ionization mode in an m/z range of
200 to 2000). The measurements of glycomacromolecules were performed with a linear gradient starting
with 100% of mobile phase A reaching 50% mobile phase A in 30 min. The flow rate was 0.4 mL/min.
Analysis of UV and MS signals was realized with the OpenLab ChemStation software for LC/MS from

Agilent Technologies.

High Resolution —Electrospray Ionization - Mass Spectrometry (HR-ESI/MS)
All HR-ESI/MS spectra were recorded on an Agilent 6210 ESI-ToF from Agilent Technologies (Santa
Clara, CA, USA). The flow rate was 4 uL/min, the spray voltage was 4 kV and the desolvation gas was

setto 15 psi (1 bar).
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Matrix-Assisted Laser Desorption Ionization- Time Of Flight — Mass Spectrometry (MALDI-
TOF-MS)

MALDI TOF MS spectra were recorded on a Bruker MALDI-TOF Ultraflex I system. The matrix was
2,5-dihydroxybenzoic acid (DHB) and was used in a 10 fold excess to the compound. Spectra were
acquired either in linear mode for an m/z range of 1000-4000, calibrated with a protein mixture or in

reflector mode for an m/z range 2000-20000 without calibration.

Freeze dryer
The lyophilization of glycomacromolecules was performed at -42 °C and 0.1 mbar with an Alpha 1-4

LD plus instrument from Martin Christ Freeze Dryers GmbH.

Peptide synthesizer
For automated synthesis of glycomacromolecule backbones a peptide synthesizer of the type CS136XT
from CS Bio was used. The batch sizes were 0.1 mmol or 0.2 mmol. The protocols for automated

synthesis were written with CSPEPM software from CS Bio.

1.3 General methods

1.3.1 Solid phase synthesis of glycomacromolecules

The batch sizes of macromolecule synthesis varied and are described for each macromolecule separately.
As solid support for the SPPS of glycomacromolecules 1-9 was used a commercially available Tentagel
S RAM® resin (Rink Amide). The elongation of the macromolecule backbones was proceeded by
alternating coupling and Fmoc-deprotection steps at room temperature either hand-made in filter
syringes or — in case of glycomacromolecules 6 and 8 — automated on a peptide synthesizer. The hand-
coupled batches were proceeded in filter syringes with 10 mL (for batch sizes below 0.2 mmol) and
20mL (for batch sized above 0.2 mmol) reaction volumes. The purification of final
glycomacromolecules was performed with ion exchange resin with a ration of resin to macromolecule

of 1g/0.1 according to literature with 1 g resin per 100 mg of macromolecule.'
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The synthesis of macromolecules was proceeded as published previously and is described shortly in the
following sections.? The heteromultivalent structure 9 was synthesized according to literature by

sequential elongation and CuAAC reactions.’

Macromolecule elongation

The SPPS of glycomacromolecules is described exemplary for a batch size of 0.1 mmol. For other batch

sizes all compounds were up- or downscaled according to the described equivalents.

General protocol for amine-deprotection and building block coupling

Before each synthesis the resin was swollen for 1 h in DCM at RT by shaking and washed 10 times with
DMF afterwards.

The N”*-Fmoc-protecting group (of the resin or an already coupled building block) was cleaved by adding
5 mL of 25% piperidine solution in DMF. It was shaken for 30 min and the resin was washed 5 times
with DMF. The procedure was repeated and the resin was washed 10 times with DMF.

The elongation of macromolecule backbones was realized by coupling the corresponding building block
EDS (0.5 mmol, 235 mg) or TDS (0.5 mmol, 250 mg) in 5 equivalents excess in 3 mL DMF mixed with
5 equivalents of PyBOP (0.5 mmol, 260 mg) and 10 equivalents of DIPEA (1.0 mmol, 0.17 mL). The
coupling solution was degassed for 1-2 min with nitrogen after adding of DIPEA and then added to the
solid support. It was shaken for 1.5 h and the resin was washed 10 times with DMF afterwards.

After Fmoc-deprotection of the final primary amine with 5 mL of 25% piperidine in DMF (two times
for 30 min) the macromolecule constructs were capped at the N-terminal side by adding 3 mL acetic
anhydride to the resin. It was shaken for 15 min and washed 5 times with DMF. This procedure was
repeated once and the resin was washed 5 times with DMF and 5 times with DCM.

The completeness of the elongation process was monitored via microcleavages with RP-HPLC/MS. The
obtained macromolecule backbones were further functionalized with a-L-fucose or D-galactose

(see section 1.1.2) on solid support and the final products were cleaved from the resin at the end.
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a-L-Fucopyranoside functionalization via CuAAC on solid support

A mixture of 0.2 mmol (2 eq.) of 2-azidoethylpyranoside per alkyne group dissolved in 3 ml DMF and
9.9 mg (50mol%) sodium ascorbate per alkyne group in water (¢ = 33 mg/mL) was added to 0.1 mmol
of resin loaded with EDS and TDS building blocks under N>-atm. Then 4 mg (25mol%) per alkyne
group of CuSO4 were dissolved in water (¢ =20 mg/mL), degassed and added to the resin. It was shaken
overnight and afterwards the reaction mixture was pushed in a glas vial for storage and recovery of
azidated carbohydrate. The resin with macromolecule attached was washed extensively with a 23 mM
solution of sodium diethyldithiocarbamate in DMF, water, DMF and DCM until the DMF washing
solution was no more colored from complexed cupper. For deacetylation of sugar units conjugated to
the macromolecule on solid support was added 5 mL of 0.2 M NaOMe/MeOH solution. It was shaken
for 45 min and the resin was then washed 3 times with MeOH and 3 times with DCM. The deacetylation
was repeated and the washing steps were repeated three times.

The final cleavage of the glycomacromolecules was performed by adding 3 mL of the cleavage cocktail
(95% TFA: 9.5 mL, DCM: 0.25 mL, TIPS: 0.25 mL) to the resin and allow it to react for 1.5 h. The
cleavage solution was purged in cold Et;O to precipitate the macromolecule, it was centrifuged and
diethyl ether was decanted. The cleavage procedure was repeated and the mixture was shaken for 1 h.
Then both product fractions were dried in nitrogen stream, dissolved in 5 mL MilliQ-water, combined
and lyophilized overnight.

Azidated fucose protected with acetyl groups has been recovered from the reaction mixture after CuAAC
reaction by extraction in 50 mL ethyl acetate with 50 mL of water (five times). The organic layer was

dried over MgSOy, filtered and the solvent was evaporated in vacuum.

Synthesis of spin-labeled glycomacromolecule 10

Backbone structure of spin-labeled glycomacromolecule was synthesized using EDS, TDS and the Boc
protected non-proteinogenic amino acid dap (2,3-diamino propionic acid) as building blocks in a batch
size of 0.3 mmol. After capping with acetic anhydride 0.1 mmol of the final backbone was functionalized
with fucose by CuAAC as described previously. 0.05 mmol were further functionalized with TEMPO

radicals on resin, applying the following protocol: the Boc protecting groups of included dap amino
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acids were cleaved by adding 4 mL of a solution of HCl/Dioxane (0.4 M) to the resin twice (reaction
times 5 min and 25 min) followed by addition of 10 mL of a solution of DIPEA in DCM (10%) twice.
The resin was washed 12 times with DMF and 5 times with DCM. Subsequently 4-carboxy-TEMPO
(5 eq.) was coupled via amide bond formation using PyBOP (5 eq.) and DIPEA (10 eq.) in 3 mL DMF
for 1.5 h. The fucose side chains were deprotected as described before and the final product was cleaved
off the resin, precipitated in diethyl ether. Ether was decanted and the product was dried in nitrogen
stream and lyophilized. Final glycomacromolecules 10 was analyzed by 'H NMR, HR-ESI-MS and

RP-HPLC (for spectra see below).

1.3.2 Synthesis of 2-azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside

o o
+
o o PN
‘r,, O OH ‘n,, - ,, O O 1, _O_ O
+ gr (H,SO;-silica) " Br (H,50,-silica) ~"Br +NaN; \ ~N,
HO T = . > .
HO™ ~” ~OoH (a) HO™ Y~ “OH (b) AcO™ Y~ TOAc (c) AcO" Y “YOAc
OH OH OAc OAc
A B c D

Scheme S1: Functionalization of L-fucose with azidoethyl-linker in a-position. (a) 65°C/6 h, (b) RT,
24 h; (c) DMF, 50°C/36 h.

Azidated a-L-fucose (D) was synthesized based on the synthetic strategy of Roy et al. who showed the
Fischer glycosylation of several monosaccharides with a propargyl-linker predominantly in alpha
position by using a silica catalyst with immobilized sulfuric acid.* The functionalization of L-fucose (A)
with 2-bromoethanol as well as the protection of hydroxyl groups using acetic anhydride have been
proceeded with this silica catalyst as shown in Scheme S1. Glycoside (B) was afforded in 59% yield
with an o/B-ratio of 7:1. The anomeric mixture could be separated after acetylation (glycoside (C)) by
silica gel column chromatography (toluene/ethyl acetate 50:1 - 8:1) and afforded the alpha-anomer in
48% yield in this reaction step. After azidation with NaN3 (90% yield) the product glycoside (D) was
obtained with an overall yield of 25%. The products were analyzed by 'H- and *C NMR, TLC as well

as ESI-MS.
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Preparation of catalyst (H.SO.-—silica)

The catalyst was produced as described in literature.* 10 g of silica gel was mixed with diethyl ether
(50 mL) and conc. H,SO4 (3 mL) was added. The suspension was shaken for 5 min. The solvent was
evaporated under reduced pressure. The remaining H,SO4-silica was then dried at 110°C for 3 h. The

catalyst was used without further purification and activity was not determined.

2-Bromoethyl-o/p-L-fucopyranoside (B)

L-Fucose (A) (20 g, 122 mmol) was suspended in 2-bromoethanol (44 mL, 620 mmol, 5.1 eq.) and the
mixture was stirred. After heating to 65 °C H2SOs—silica catalyst (0.61 g) was added and stirring was
continued until all is dissolved (product formation). Due to unknown catalyst activity, more H>SOj4-
silica can be added if starting material is still visible in the mixture. After 6 h all the solid had dissolved
and TLC (DCM/MeOH 7:1) showed complete conversion of L-fucose. After cooling to room
temperature, the reaction mixture was stirred for 16 h. The crude mixture was separated with silica gel
column chromatography. After eluting the excess of bromoethanol with pure DCM, the product was
isolated with DCM/MeOH in a gradient solvent mixture (100:1 — 100:3). 19.49 g (71.89 mmol, 59%) of

the product B was obtained as white to orange solid in an o/B-ratio of 7:1.

"H NMR (300 MHz, Methanol-d4): § [ppm] = 4.87 (d, *J = 2.7 Hz, 1H, H-1-0.), 4.16 (q, *J = 6.4 Hz,
1H, H-5), 4.03-3.85 (m, 2H, OCH:CH,Br), 3.82-3.81 (m, 2H, H-2, H-3), 3.74-3.73 (m, 1H, H-4), 3.67-
3.63 (m, 2H, CH>-Br), 3.56-3.44 (m, B-protons), 1.33 (d, *J = 6.3 Hz, 0.5H, CH;-B), 1.27 (d, *J = 6.6 Hz,
CHs-a). 3C NMR (300 MHz, Methanol-d4): & [ppm] = 105.0 (C-1-), 100.8 (C-1-x), 73.6 (C-5), 71.6
(C-3), 69.9 (C-4), 69.7 (C-2), 68.0 (O-CHs), 31.5 (CH»-Br), 16.6 (CHs). HR-ESUMS: m/z caled for

CsH,sBrNaOs 292.9995, found 292.9994. R, = 0.54 (DCM/MeOH 7:1).
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Figure S1: '"H NMR (300 MHz, CD;0D) of 2-bromoethyl-a/p-L-fucopyranoside (B).
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Figure S2: *C NMR (300 MHz, CD;OD) of 2-bromoethyl-a/B-L-fucopyranoside (B).

2-Bromoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (C)

To a stirring mixture of 2-bromoethyl-a/pB-L-fucopyranoside B (300 mg, 1.1 mmol) with acetic

anhydride (4 mL, 42 mmol, 38 eq.) 10 mg H>SOs-silica catalyst were added. The mixture was stirred at
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room temperature for 24 h. Completion of the reaction was monitored by TLC (ethyl acetate/toluene
2:8). The reaction mixture was diluted with DCM (20 mL) and washed sequentially with saturated
aqueous NaHCOs solution and water twice. The extract was dried over MgSO, and concentrated in
vacuum. The anomeric mixture was then separated by silica gel column chromatography using
toluene/ethyl acetate (50:1 - 8:1) as eluent. 2,3,4-Tri-O-acetyl-1-O-(2-bromethyl)-a-L-fucose (C) was

obtained after drying under vacuum as white solid (210 mg, 0.53 mmol) in 48%.

'H NMR (300 MHz, CDCL): & [ppm] = 5.37 (dd, >3/ = 10.3, 3.4 Hz, 1H, H-3), 5.31 (dd, 33/ = 3.4,
1.2 Hz, 1H, H-2), 5.14-5.07 (m, 2H, H-1, H-4), 4.25 (q, >J = 6.5, 1H, H-5), 3.98 (dt, 27 = 11.6, 5.8 Hz,
1H, OCH,CH,Br), 3.80 (dt, 237 = 11.6, 5.8 Hz, 1H, OCH,CH,Br), 3.49 (t, >J = 5.8 Hz, 2H, OCH,CH.Br),
2.16 (s, 3H, COCH3), 2.08 (s, 3H, COCHs), 1.99 (s, 3H, COCHs), 1.14 (d, 3J = 6.6 Hz, 3H, H-6).
13C NMR (300 MHz, CDCls): § [ppm] = 170.7 (O=C-CHs), 170.2 (O=C-CHs), 96.5 (C-1), 71.2 (C-4),
68.5 (C-5), 68.2 (C-2), 68.0 (C-3), 65.0 (O-CHa), 30.3 (CH,-Br), 21.0 (OC-CHs), 20.8 (OC-CHs), 16.0

(C-6). Ry (alpha) = 0.44 (toluene/ethyl acetate 4:1), Ry (beta) = 0.32 (toluene/ethyl acetate 4:1).
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Figure S3: 'H NMR (300 MHz, CDCls) of 2-bromoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (C).
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Figure S4: *C NMR (300 MHz, CDCl;) of 2-bromoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (C).

2-Azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (D)

To a solution of 2 g (5 mmol) 2-bromoethyl 2,3,4-tri-O-acetyl-a-L-fucopyranoside (C) in 40 mL DMF
was added 1.3 g sodium azide (20 mmol, 4 eq.) and the reaction mixture was stirred at 50 °C for 36 h.
The reaction progress was monitored via TLC (Hex/ethyl acetate 4:3). 10 mL of water was added to the
reaction mixture and it was concentrated to almost dryness under reduced pressure at 55°C (9 mbar).
The obtained yellowish oil was dissolved in 100 mL ethyl acetate and extracted 3 times with 100 mL of
water, 3 times with 100 mL of an aqueous saturated NaHCOj solution and again 3 times with 100 mL
of water. The organic layer was dried over magnesium sulfate, filtered and concentrated to dryness under
reduced pressure and finally in high vacuum. The product glycoside D was obtained as white crystals

(1.61 g, 4.48 mmol, 90%).

'H NMR (300 MHz, CDCL): § [ppm] = 5.41-5.31 (m, 2H, H-3, H-2), 5.16-5.10 (m, 2H, H-1, H-4),
4.18 (dq, **J = 1.0, 6.6 Hz, 1H, H-5), 3.86 (ddd, 233/ =10.7, 6.0, 3.4 Hz, 1H, OCH.CH.N3), 3.61 (ddd,
2337=10.7, 6.8, 3.5 Hz, 1H, OCH,CH,N3), 3.50-3.33 (m, 2H, OCH,CH:N5), 2.17 (s, 3H, COCHs), 2.08
(s, 3H, COCH3), 1.99 (s, 3H, COCH), 1.15 (d, 3J = 6.6 Hz, 3H, H-6). *C NMR (300 MHz, CDCls):
8 [ppm] = 170.8 (O=C-CHs), 170.7 (0=C-CHs), 170.2 (O=C-CHs), 96.6 (C-1), 71.2 (C-4), 68.1 (C-5),

68.0 (C-2), 67.3 (C-3), 64.8 (O-CHz), 50.6 (CH>-N3), 21.0 (OC-CH;), 20.8 (O=C-CH3), 21.8
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(O=C-CH3), 16.0 (C-6). R (4) = 0.59 (Hex/ethyl acetate 4:3), Ry (starting material 3) = 0.65 (Hex/ethyl
acetate 4:3).
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Figure S5: "H NMR (300 MHz, CDCls) of 2-azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (D).
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Figure S6: 1°C NMR (300 MHz, CDCls) of 2-azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (D).
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2. Analysis of glycomacromolecules

Fuc(4)-7 (1)
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Compound 1 was synthesized in a batch size of 0.13 mmol. 80 mg (0.041 mmol) of crude product
(260 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 1 was

obtained as lyophilized white powder (43 mg, 0.022 mmol, 55%).

"H NMR (600 MHz, D,0): & [ppm] = 7.83 (s, 1H, N=N-N-CH), 4.76 (d, *J = 3.8 Hz, 1H, Fuc-H-1),
4.61-4.53 (m, 2H, N=N-N-CH-), 3.97-3.93 (m, 1H, N=N-N-CH,-CH>), 3.86 (dt, >*J=10.8, 3.7 Hz, 1H,
N=N-N-CH,-CH>), 3.67-3.58 (m, 27H, O-CH,-CH>-O, Fuc-H-2, Fuc-H-3), 3.56-3.53 (m, 25H,
CH,-O-(CH2),-O-CH>, Fuc-H-4), 3.41-3.37 (m, 4H, N-CH,-CH»-NH), 3.32-3.25 (m, 28H,
O=C-NH-CH>), 3.00 (q, *J = 6.6 Hz, 1H, Fuc-H-5), 2.92 (t, °*J = 7.2 Hz, 2H, N-N=N-C-CH>), 2.71 (t,
3J= 7.3 Hz, 2H, N-N=N-C-CH,-CH>), 2.48-2.39 (m, 28H, O=C-CH,-CH,-C=0), 1.92 (s, 3H,
0=C-CH3), 0.95 (d, *J = 6.6 Hz, 3H, Fuc-H-6). MALDI TOF MS: m/z calcd for Cs3H147N195033 [M+Na]"
1961.0; found 1961.1. HR-ESI/MS: m/z calcd for CgsHi47N19O33 (monoisotopic mass 1938.0409):
[M+3H]** 647.0209, found 647.0209. RP-HPLC: (gradient from 100% to 50% eluent A in 30 min,

25°C): tr = 12.3 min, determined purity 98%.
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Figure S7: '"H NMR (600 MHz, D,0) of Fuc(4)-7 (1).
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Figure S8: RP-HPLC spectra of Fuc(4)-7 (1).
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Figure S9: HR/ESI-MS spectra of Fuc(4)-7 (1).
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Figure S10: MALDI TOF MS spectra of Fuc(4)-7 (1).

Fuc(1,2)-5 (2)

Compound 2 was synthesized in a batch size of 0.234 mmol. 232 mg (0.133 mmol) of crude product
(292 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 2 was

obtained as lyophilized white powder (127 mg, 0.0727 mmol, 55%).

'H NMR (600 MHz, D;0): § = 7.92 (s, 2H, N=N-N-CH), 4.84 (d, 3J = 3.8 Hz, 2H, Fuc-H-1), 4.69-
4.62 (m, 4H, N=N-N-CH>), 4.05-4.01 (m, 2H, N=N-N-CH,-CH.), 3.94 (dt, 23J = 10.8, 3.6 Hz, 2H,
N=N-N-CH,-CH), 3.73 (dd, >3J=10.3, 3.8 Hz, 2H, Fuc-H-2), 3.70-3.66 (m, 14H, O-CH,-CH,-O, Fuc-
H-3), 3.64-3.61 (m, 14H, CH>-O-(CH,),-O-CH, Fuc-H-4), 3.49-3.45 (m, 8H, N-CH,-CH,-NH), 3.40-
332 (m, 20H, O=C-NH-CH.), 3.09 (q, 3J = 6.6 Hz, 2H, Fuc-H-5), 3.00 (t, 3/ = 7.2 Hz, 4H,
N-N=N-C-CH,), 279 (t, 3J = 7.3 Hz, 4H, N-N=N-C-CH,-CH)), 2.55-2.43 (m, 20H,
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0=C-CH>-CH,-C=0), 2.00 (s, 3H, O=C-CHj3), 1.04 (d, °J = 6.67 Hz, 6H, Fuc-H-6). MALDI TOF MS:
m/z calcd fOI' C74H127N|9029 [1\/["‘1\121]+ 1768.89; found 1769.0. HR-ESI/MSZ m/z calcd fOI‘ C74H]27N19029
(monoisotopic mass 1745.9047): [M+2H]*" 873.9596, found 873,9589; [M+3H]** 582.9755, found

582.9756. RP-HPLC: (gradient from 100% to 50% eluent A in 30 min, 25°C): tr = 11.2 min, determined

purity 98%.
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Figure S11: 'H NMR (600 MHz, D,0) spectra of Fuc(1,2)-5 (2).
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Figure S12: RP-HPLC spectra of Fuc(1,2)-5 (2).
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Figure S13: HR/ESI-MS spectra of Fuc(1,2)-5 (2).
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Figure S14: MALDI TOF MS spectra of Fuc(1,2)-5 (2).
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Fuc(1,3)-5 (3)
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Compound 3 was synthesized in a batch size of 0.234 mmol. 248 mg (0.142 mmol) of crude product
(283 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 3 was

obtained as lyophilized white powder (138 mg, 0.079 mmol, 56%).

"H NMR (600 MHz, D;0): § = 7.92 (s, 2H, N=N-N-CH), 4.84 (d, °J = 3.8 Hz, 2H, Fuc-H-1), 4.69-
4.62 (m, 4H, N=N-N-CH>), 4.06-4.02 (m, 2H, N=N-N-CH,-CH-), 3.94 (dt, >*J = 10.8, 3.7 Hz, 2H,
N=N-N-CH,-CH>), 3.73 (dd, **J=10.3, 3.8 Hz, 2H, Fuc-H-2), 3.70-3.65 (m, 14H, O-CH,-CH>-O, Fuc-
H-3), 3.64-3.60 (m, 14H, CH,-O-(CH:),-O-CH>, Fuc-H-4), 3.50-3.45 (m, 8H, N-CH»-CH,-NH), 3.40-
3.33 (m, 20H, O=C-NH-CH.), 3.09 (q, *J = 6.6 Hz, 2H, Fuc-H-5), 3.00 (t, *J = 7.2 Hz, 4H,
N-N=N-C-CH,), 2.79 (t, *J = 7.3 Hz, 4H, N-N=N-C-CH,-CH)), 2.54-2.46 (m, 20H,
0=C-CH>-CH,-C=0), 2.00 (s, 3H, O=C-CH3), 1.04 (d, °J = 6.6 Hz, 6H, Fuc-H-6). MALDI TOF MS:
m/z caled for C74Hi27N19O9Na [M+Na]® 1768.9, found 1769.0. HR-ESI/MS: m/z caled for
C74H127N 19029 (monoisotopic mass 1745.9047): [M+2H]** 873.9596, found 873.9591. RP-HPLC:

(gradient from 100% to 50% eluent A in 30 min, 25°C): tg = 11.2 min, determined purity 98%.
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Figure S15: 'H NMR (600 MHz, D,0) spectra of Fuc(1,3)-5 (3).
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Figure S16: RP-HPLC spectra of Fuc(1,3)-5 (3).
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Figure S17: HR/ESI-MS spectra of Fuc(1,3)-5 (3).
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Figure S18: MALDI TOF MS spectra of Fuc(1,3)-5 (3).

Fuc(1,4)-5 (4)

Compound 4 was synthesized in a batch size of 0.234 mmol. 266 mg (0.152 mmol) of crude product

(310 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 4 was

obtained as lyophilized white powder (145 mg, 0.083 mmol, 55%).

"H NMR (600 MHz, D,0): § = 7.92 (s, 2H, N=N-N-CH), 4.85 (d, 3J = 3.8 Hz, 2H, Fuc-H-1), 4.69-
4.62 (m, 4H, N=N-N-CH>), 4.05-4.02 (m, 2H, N=N-N-CH,-CH.), 3.94 (dt, 23J = 10.8, 3.7 Hz, 2H,
N=N-N-CH,-CH>), 3.73 (dd, **/ = 10.3, 3.8 Hz, 2H, Fuc-H-2), 3.69-3.66 (m, 14H, O-CH,-CH>-O, Fuc-
H-3), 3.64-3.61 (m, 14H, CH,-O-(CH,),-O-CH., Fuc-H-4), 3.50-3,45 (m, 8H, N-CH,-CH,-NH), 3.40-

3.33 (m, 20H, O=C-NH-CH>), 3.09 (q, 3J = 6.6 Hz, 2H, Fuc-H-5), 3.01 (t, 3 = 7.2 Hz, 4H,

N-N=N-C-CH,), 2.79 (t, *J = 7.3 Hz, 4H, N-N=N-C-CH»-CH.),
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0=C-CH>-CH,-C=0), 2.00 (s, 3H, O=C-CH;), 1.04 (d, °J = 6.6 Hz, 6H, Fuc-H-6). MALDI TOF MS:
m/z caled for CuH;2»7Nj9OxNa [M+Na]® 1769.92; found 1769.0. HR-ESI/MS: m/z caled for
C74H127N19029 (monoisotopic mass 1745.9047): [M+2H]*" 873.9596, found 873.9596. RP-HPLC:

(gradient from 100% to 50% eluent A in 30 min, 25°C): tg = 11.2 min, determined purity 99%.
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Figure S19: 'H NMR (600 MHz, D,0) spectra of Fuc(1,4)-5 (4).
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Figure S20: RP-HPLC spectra of Fuc(1,4)-5 (4).
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Figure S21: HR/ESI-MS spectra of Fuc(1,4)-5 (4).
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Figure S22: MALDI TOF MS spectra of Fuc(1,4)-5 (4).

Fuc(1,5)-5 (5)

Compound 5 was synthesized in a batch size of 0.234 mmol. 291 mg (0.167 mmol) of crude product
(325 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 5 was

obtained as lyophilized white powder (144 mg, 0.0824 mmol, 49%).

'H NMR (600 MHz, D,0): & = 7.92 (s, 2H, N=N-N-CH), 4.85 (d, > = 3.8 Hz, 2H , Fuc-H-1), 4.69-
4.62 (m, 4H, N=N-N-CH.), 4.06-4.02 (m, 2H, N=N-N-CH,-CH), 3.94 (dt, >3J = 10.8, 3.7 Hz, 2H,
N=N-N-CH,-CH), 3.73 (dd, >*J=10.3, 3.8 Hz, 2H, Fuc-H-2), 3.69-3.66 (m, 15H, O-CH,-CH>-0, Fuc-
H-3), 3.63-3.61 (m, 14H, CH-O-(CH,),-O-CH., Fuc-H-4), 3.50-3.45 (m, 8H, N-CH,-CH,-NH), 3.40-
3.32 (m, 21H, O=C-NH-CH), 3.09 (q, 3J = 6.6 Hz, 2H, Fuc-H-5), 3.01 (t, 3J = 7.2 Hz, 4H,

N-N=N-C-CH>), 2.81-2.78 (m, 4H, N-N=N-C-CH,-CH>), 2.54-2.47 (m, 20H, O=C-CH,-CH,-C=0),
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1.94, 1.93 (s, s, 3H, O=C-CH3), 1.04 (d, °J = 6.6 Hz, 6H, Fuc-H-6). MALDI TOF MS: m/z calcd for
C74H127N19029Na [M+Na]* 1769.92; fOlll’ld 1769.0. HR-ESI/MSZ m/z calcd fOI‘ C74H127N]9029
(monoisotopic mass 1745.9047): [M+2H]** 873.9596, found 873.9598. RP-HPLC: (gradient from 100%

to 50% eluent A in 30 min, 25°C): tg = 11.2 min, determined purity 99%.
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Figure S23: '"H NMR (600 MHz, D,0) spectra of Fuc(1,5)-5 (5).
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Figure S24: RP-HPLC spectra of Fuc(1,5)-5 (5).
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Figure S25: HR/ESI-MS spectra of Fuc(1,5)-5 (5).
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Figure S26: MALDI TOF MS spectra of Fuc(1,5)-5 (5).

Fuc(1,2,3,4)-4 (6)
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Compound 6 was synthesized in a batch size of 0.1 mmol. The crude product (282 mg, 0.137 mmol)

was purified by ion exchange resin and preparative RP-HPLC. 133 mg (0.0648 mmol, 47%) of purified

product 6 was obtained as lyophilized white powder.
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'H NMR (300 MHz, D-0): 8 = 7.91 (s, 4H, N=N-N-CH), 4.84 (d, °J = 3.5 Hz, 4H , Fuc-H-1), 4.67-
4.62 (m, 8H, N=N-N-CH:>), 4.07-3.99 (m, 4H, N=N-N-CH;-CH>), 3.96-3.90 (m, 4H, N=N-N-CH,-CH),
3.75-3.62 (m, 12H, Fuc-H-2, Fuc-H-3, Fuc-H-4), 3.50-3.44 (m, 16H, N-CH,-CH,-NH), 3.38-3.31 (m,
16H, O=C-NH-CH>), 3.08 (q, *J = 6.6 Hz, 4H, Fuc-H-5), 3.01-2.97 (m, 8H, N-N=N-C-CH,), 2.80-2.75
(m, 8H, N-N=N-C-CH,-CH>), 2.55-2.43 (m, 16H, O=C-CH,-CH,-C=0), 1.94, 1.92 (s, s, 3H,
0=C-CHj3), 1.03 (d, *J = 6.6 Hz, 12H, Fuc-H-6). MALDI TOF MS: m/z calcd for CseHi41N25O33
[M+Na]" 2075.01, found 2075.02; [M-Fuc+Na]" 1928.95, found 1928.95. HR-ESI/MS: m/z calcd for
CseH141N25033 (monoisotopic mass 2052.0124): [M+3H]*" 685.0114, found 685.0113. RP-HPLC:

(gradient from 100% to 50% A in 30 min, 25°C): tg = 10.4 min, determined purity > 99%.
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Figure S27: '"H NMR (300 MHz, D,0) spectra of Fuc(1,2,3,4)-4 (6).
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Figure S28: RP-HPLC spectra of Fuc(1,2,3,4)-4 (6).
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Figure S29: HR/ESI-MS spectra of Fuc(1,2,3,4)-4 (6).
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Figure S30: MALDI TOF MS spectra of Fuc(1,2,3,4)-4 (6).

Fuc(1,3,5,7)-7 (7)
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Compound 7 was synthesized in a batch size of 0.1 mmol. 106 mg (0.0386 mmol) of crude product

(298 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 7 was

obtained as lyophilized white powder (31 mg, 0.011 mmol, 28%).
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'H NMR (300 MHz, D-0): & = 7.92 (s, 4H, N=N-N-CH), 4.84 (d, °J = 3.6 Hz, 4H , Fuc-H-1), 4.67-
4.64 (m, 8H, N=N-N-CH:), 4.08-4.00 (m, 4H, N=N-N-CH-CH>), 3.97-3.91 (m, 4H, N=N-N-CH,-CH>),
3.75-3.59 (m, 38H, O-CH,-CH>-O, Fuc-H-2, Fuc-H-3, CH>-O-(CH2),-O-CH>, Fuc-H-4), 3.51-3.44 (m,
16H, N-CH,-CH>-NH), 3.39-3.34 (m, 28H, O=C-NH-CH>), 3.08 (q, *J = 6.6 Hz, 4H, Fuc-H-5), 3.00 (t,
3J =7.1 Hz, 8H, N-N=N-C-CH>), 2.79 (t, °J = 7.2 Hz, 8H, N-N=N-C-CH»-CH>), 2.53-2.46 (m, 28H,
0=C-CH>-CH,-C=0), 1.94, 1.93 (s, s, 3H, O=C-CH;), 1.04 (d, °J = 6.6 Hz, 12H, Fuc-H-6). MALDI
TOF MS: m/z caled for Ci16H 9sN31045sNa [M+Na]* 2765.39, found 2765.4; [M-Fuc+Na]" 2619.33,
found 2619.3. HR-ESI/MS: m/z caled for Ci16Hi9sN31Ous (monoisotopic mass 2742.3923): [M+3H]**
915.1381, found 915.1382. RP-HPLC: (gradient from 100% to 50% eluent A in 30 min, 25°C):

tr = 11.7 min, determined purity 97%.

HDO

T

J 1

8 83
~ <+ <

=73.96
4.28

T T T T T T T T
70 6.5 6.0 5.5 5.0 45 4.0 35 kX
f1 (ppm)

T T T T T
5 20 15 1.0 0.5 0.0 0.5 -1

©
=3
Lod®
o«
©
=3
~
wn

Figure S31: 'H NMR (300 MHz, D,0) spectra of Fuc(1,3,5,7)-7 (7).
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Figure S32: RP-HPLC spectra of Fuc(1,3,5,7)-7 (7).
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Figure S33: HR/ESI-MS spectra of Fuc(1,3,5,7)-7 (7).
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Figure S34: MALDI TOF MS spectra of Fuc(1,3,5,7)-7 (7).

Gal(4)-7 (8)

Compound 8 was synthesized in a batch size of 0.1 mmol. The crude product (80 mg, 0.04 mmol) was
purified by ion exchange resin and preparative RP-HPLC. 53 mg (0.03 mmol, 30%) of purified product

8 was obtained as lyophilized white powder.

75



'H NMR (600 MHz, D,0): & = 8.46, 7.90, 7.87 (s, s, s IH, N=N-N-CH), 4.93 (d, °*J = 1.4 Hz, 0.2H,
a-Gal-H-1), 4.66-4.61 (m, 2H, N=N-N-CH>), 4.37 (d, >*J=7.9 Hz, 0.8H, B-Gal-H-1),4.31-4.27 (m, 0.8H,
N=N-N-CH,-CH; (#-Gal)), 4.11-4.08 (m, 1H, N=N-N-CH;-CH3), 4.03-4.00 (m, N=N-N-CH,-CHa,
0.5H (a-Gal)), 3.91 (d, *J = 3.4 Hz, 0.8H, B-Gal-H-2), 3.80-3.60 (m, 56H, a-Gal-H-2, Gal-H-3, -H-4,
-H-5, -H-6, O-CH;-CH;-O, CH,-O-(CH).-O-CHa,), 3.51-3.45 (m, 6H, N-CH,-CH,-NH, Gal-H-6),
3.41-3.33 (m, 29H, O=C-NH-CH>), 3.01 (t, *J = 7.2 Hz, 2H, N-N=N-C-CH>), 2.80 (t, °J = 7.3 Hz, 2H,
N-N=N-C-CH;-CH>), 2.59-2.46 (m, 29H, O=C-CH,-CH,-C=0), 2.00 (s, O=C-CH3). MALDI TOF MS:
m/z calcd for CssHis7N19OuNa [M+Na]® 1977.04, found 1977.07. HR-ESI/MS: m/z calcd for
Cs3H147N19034 (monoisotopic mass 1954.0358): [M+3H]*" 652.3453, found 652.3524, [M+4H]*
489.5090, found 489.5164. RP-HPLC: (gradient from 100% to 50% eluent A in 30 min, 25°C):

tr = 12.6 min, 12.7 min determined purity >99%.
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Figure S35: 'H NMR (600 MHz, D,0) spectra of Gal(4)-7 (8).
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Figure S36: RP-HPLC spectra of Gal(4)-7 (8).
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Figure S37: HR/ESI-MS spectra of Gal(4)-7 (8).
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Figure S38: MALDI TOF MS spectra of Gal(4)-7 (8).

Fuc(1)Gal(4)-5 (9)

HOn.
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Compound 9 was synthesized in a batch size of 0.15 mmol. The crude product (301 mg, 0.171 mmol)
was purified by ion exchange resin and preparative RP-HPLC. 152 mg (0.0862 mmol, 51%) of purified

product 9 was obtained as lyophilized white powder.

"H NMR (600 MHz, D,0): 8 = 7.92 (s, 1H, N=N-N-CH (Fuc)), 7.90 (s, 0.8H, N=N-N-CH (B-Gal)),
7.87 (s, 0.2H, N=N-N-CH (a-Gal)), 4.93 (d, °J = 1.6 Hz, 0.2H, a-Gal-H-1), 4.84 (d, °J = 3.8 Hz, 1H,
Fuc-H-1), 4.69-4.61 (m, 4H, N=N-N-CH>), 4.37 (d, *J = 7.9 Hz, 0.8H, B-Gal-H-1), 4.31-4.27 (m, 0.8H,
N=N-N-CH,-CH: (3-Gal)), 4.11-4.08 (m, 1H, N=N-N-CH.-CH: (-Gal)), 4.06-4.00 (m, 1.4H,
N=N-N-CH,-CH: (Fuc, a-Gal)), 3.94 (dt, *J = 10.8, 3.8 Hz, 1H, N=N-N-CH,-CH: (Fuc)), 3.91 (d,
J=3.8 Hz, 0.8H, B-Gal-H-2), 3.80-3.70 (m, 3.5H, 0-Gal-H-2, Gal-H-3, Gal-H-4, Fuc-H-2), 3.69-3.66
(m, 14H, O-CH>-CH-O, Fuc-H-3, Gal-H-5), 3.63-3.61 (m, 14H, CH,-O-(CH),-O-CH>, Fuc-H-4,
Gal-H-6), 3.51-3.45 (m, 9H, N-CH,-CH>-NH), 3.39-3.33 (m, 20H, O=C-NH-CH>), 3.09 (q, >*J = 6.5 Hz,
1H, Fuc-H-5), 3.00 (t, *J = 7.2 Hz, 4H, N-N=N-C-CH>), 2.79 (t, *J = 7.3 Hz, 4H, N-N=N-C-CH»-CH>),
2.54-2.47 (m, 20H, O=C-CH,-CH>-C=0), 2.00, 1.92 (s, s, 3H, O=C-CH;), 1.04 (d, °J = 6.6 Hz, 3H,
Fuc-H-6). MALDI TOF MS: m/z calcd for C74H127N10030Na [M+Na]" 1784.90, found 1784.89; [M+K]"
1800.90, found 1800.87. HR-ESI/MS: m/z caled for C74Hi27N19030 (monoisotopic mass 1761.8996):
[M-+2H]** 881.9571, found 881.9561. RP-HPLC: (gradient from 100% to 50% eluent A in 30 min,

25°C): tg = 10.8min, 11.0 min determined purity >99%.
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Figure S39: 'H NMR (600 MHz, D,0) spectra of Fuc(1)Gal(4)-5 (9).
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Figure S40: RP-HPLC spectra of Fuc(1)Gal(4)-5 (9).
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Figure S41: HR/ESI-MS spectra of Fuc(1)Gal(4)-5 (9).

1784.887
1638.826
1504.159
T AT3g1g504 225512 1165636 i L \ 2200 125
PP TR N —" — " | . S S e A A e b b i, - B - - =
800 1000 1200 1400 1600 1800 2000 2200 240,

Figure S42: MALDI TOF MS spectra of Fuc(1)Gal(4)-5 (9).
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Fuc(1,5)-TEMPO(2,6)-6 (10)
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Compound 10 was synthesized in a batch size of 0.05 mmol. The product was obtained as lyophilized

white powder.

"H NMR (500 MHz, D20): 6 = 7.98 (s, 2H, N=N-N-CH), 4.91-4.89 (m, 2H, Fuc-H-1), 4.75-4.71
(m, 4H, N=N-N-CH>), 4.55 (s, br, 2H, C=0O-NH-CH), 4.10-4.01 (m, 4H, N=N-N-CH,-CH>), 3.75-
3.45 (m, 52H, (CH:),-O-(CH:),-O-(CH:>)2, N-CH,-CH,-NH, C=0-NH-CH-CH,, Fuc-H-2, H-3, H-4),
3.19 (s, br, 2H, Fuc-H-5), 3.06 (s, br, 4H, N-N=N-C-CH>), 2.86 (s, br, 4H, N-N=N-C-CH,-CH>),
2.61-2.56 (m, 16H, O=C-CH,-CH,-C=0), 2.10 (s, 3H, O=C-CH5), 2.01 (s, br, 2H, TEMPO), 1.52 (s,
br, 9H, TEMPO), 1.27-1.23 (m, 1H, TEMPO), 1.11 (s, 6H, Fuc-H-6). HR-ESI/MS: m/z calcd for
CooHi53N23033 [M+3H]*" 695.707, found 695.706. RP-HPLC: (gradient from 100% eluent A to 100%

eluent B in 17 min, 25°C): tr = 8.21 min, determined purity > 87 %.
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Figure S43: 'H NMR (500 MHz, D,0) spectra of Fuc(1,5) TEMPO(2,6)-6 (10).

80



8.21

MQ-Blank
t T T T T T T T T T T v T T T
0 2 4 6 8 10 12 14
tfime IMminl
Figure S44: RP-HPLC spectra of Fuc(1,5)TEMPO(2,6)-6 (10).
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Figure S45: HR/ESI-MS spectra of Fuc(1,5) TEMPO(2,6)-6 (10).

Gal(1,2,3,4)-4 (11)
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Compound 11 was synthesized in a batch size of 0.1 mmol. The crude product (300 mg, 0.142 mmol)
was purified by ion exchange resin and preparative RP-HPLC. 137 mg (0.0647 mmol, 46%) of purified

product 11 was obtained as lyophilized white powder.

'H NMR (300 MHz, D,0): & = 7.88 (s, 3H, N=N-N-CH), 7.85 (s, |H, N=N-N-CH), 4.92 (m, 1H,
a-Gal-H-1), 4.66-4.58 (m, 8H, N=N-N-CH,), 4.36 (d, °J = 7.8 Hz, 3H, B-Gal-H-1), 4.31-4.25 (m, 3H,
N=N-N-CH:-CH>), 4.12-4.05 (m, 4H, N=N-N-CH,-CH>), 4.04-3.93 (m, 2H, N=N-N-CH,-CH>), 3.91
(d,*J=3.3 Hz, 3H, B-Gal-H-2), 3.81-3.59 (m, 17H, a-Gal-H-2, Gal-H-3,-H-4,-H-5,-H-6), 3.52-3.45 (m,
20H, N-CH,-CH>-NH, Gal-H-6), 3.35-3.32 (m, 16H, O=C-NH-CH)), 3.01-2.95 (m, &H,
N-N=N-C-CH>), 2.79-2.75 (m, 8H, N-N=N-C-CH,-CH>), 2.56-2.42 (m, 16H, O=C-CH;-CH,-C=0),
1.93, 1.91 (s, s, 3H, O=C-CH;). MALDI TOF MS: m/z calcd for CssH141N2sO37Na [M+Na]* 2138.99,
found 2139.01. HR-ESI/MS: m/z calcd for CseH141N25033 (monoisotopic mass 2115.9920): [M+3H]**
706.3379, found 706.3375. RP-HPLC: (gradient from 100% to 50% eluent A in 30 min, 25°C):

tr = 9.0 min, 9.1 min, 9.3 min determined purity 99%.
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Figure S46: 'H NMR (300 MHz, D,O) spectra of Gal(1,2,3,4)-4 (11).
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Figure S47: RP-HPLC spectra of Gal(1,2,3,4)-4 (11).
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Figure S48: HR/ESI-MS spectra of Gal(1,2,3,4)-4 (11).
%104 | 2139.014
ol
s
4
2269.034
ol s |l wonass BTG || l I
" 1000 1500 ' " 200 ' 2500 3000 e

Figure S49: MALDI TOF MS spectra of Gal(1,2,3,4)-4 (11).
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3. Native mass spectrometry

Native mass spectrometry (MS) measurements were performed according to the previously described
reference protein method to analyze glycan binding®”’ using 3 uM purified NoV GIL.4 P-dimer and
10 uM reference protein cytochrome c¢ (C7752 Sigma-Aldrich). P-dimer was subjected to buffer
exchange to 300 mM ammonium acetate and 20 mM triethylammonium acetate (TEAA) (90358 Sigma)
at pH 7.0 via centrifugal filter units at 13000 g, 4°C (Vivaspin 500, MWCO 10000, Sartorius). The
reference protein was directly dissolved in the same buffer. Glycan mimetics were dissolved in MilliQ
and binding was measured at final concentrations varying from 100 pM to 200 uM. Mass spectra were
acquired at room temperature (25 °C) in positive ion mode on a Liquid Chromatography Time of Flight
(LCT Premier) MS instrument modified for high mass (Waters, UK and MS Vision, the Netherlands)
with a nano-electrospray ionization (ESI) source. Gold-coated electrospray capillaries were produced in
house for direct sample infusion without any accessory chromatographic separation. The voltages and
pressures were optimized for non-covalent protein complexes.® Capillary and sample cone voltages were
1.20 kV to 1.30 kV and 120 V, respectively. Pressures were 7 mbar in the source region and 6.2 x 102
to 6.5 x 102 mbar argon in the hexapole region. Under these conditions, no ligand dissociation from
target or reference protein were observed, which is easily detected due to lower protein charge states
arising upon loss of the ligand charged on the free backbone amine. A spectrum of a 25 mg/ml cesium
iodide solution from the same day was applied for calibration of raw data using the MassLynx software
(Waters, UK). OriginPro 2016 SR2 software (United States) was used to determine binding and non-
binding peak areas. The non-specific protein-ligand clustering and specific binding were interpreted as
described.>’ The corrected signal was averaged over at least three independent measurements. The data
was summed over all charge states and renormalized to the unbound protein peak. The law of mass
action was employed to analyze the binding events of glycan mimetics on P-dimer and determine the
macroscopic dissociation constant Kpi. Glycan mimetic 8 (Table 2) was designed as a non-binding
control with a single galactose, which indeed showed no binding above experimental error (as defined
in comparison with NMR data) and therefore confirmed that the backbone has little contribution to

glycan mimetic binding.
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At equilibrium conditions, the dissociation constant Kp can be determined from the concentrations of
free ligand [L], free protein [P], and protein ligand complex [PL] (1). The peak areas observed for protein
and protein ligand complexes observed in native MS relate well to in solution concentrations assuming
that a small ligand has negligible effect on ionization efficiency. Therefore, titrations are not required
and Kp values can in principle be obtained from single point measurements. Our data indeed show that

determined Kps are in good agreement at varying ligand concentrations (Table 2).

[P][L]

D =W 1)

For multiple ligand binding events:

P+ L =2PL

PL  + L =PL,
PL, + L =PL,
PL, + L =PL,

Scheme 2: Theoretical multiple binding events between protein (P) and n ligands (L).

[Bound ligand PL] ~ [PL] + 2[PL,] + 3[PL3] :-- + n[PLy] 2
A [ Protein of interest P] ~ [P] + [PL] + [PL,] + [PL3] --- + [PL,] (2)

The ratio of bound ligand PL to the total protein of interest P equals to the degree of binding v.

[PL] — [L]
[P]+[PL]  Kp +[L]

Vi =

(3)

The dissociation constant with one binding event v, is described by equation (3) and retrieves equation

(2) again when solved to Kp.
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Figure S50: Native MS results from glycomacromolecules 1-5 and 7.
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Figure S51: Native MS results from glycomacromolecules 6, 8 and 9 and HBGA B tetrasaccharide.

To reveal the specific binding and correct for unspecific clustering during native MS measurements, a
reference protein was mixed with P dimer and glycomacromolecules in solution. The reference protein
does not bind to target protein or ligand of interest. Therefore, glycans observed on the surface of the
reference protein during the experiment is regarded as non-specific clustering. Clustering is an inherent
process during electrospray ionization®’, the initially formed droplets also contain free ligand, which
dries down onto the protein upon desolvation. A ratio of peak areas is obtained for reference protein
plus unspecific clustering of ligand to free reference protein. In contrast, target proteins exhibit both
specific binding and non-specific clustering. The unspecific clustering is eliminated via the ratio
obtained from unspecific clustering to the reference protein revealing the specific binding to the target

protein, which then allows further Kp calculation and stoichiometry determination.
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Figure S52. Native mass spectra of glycomacromolecule 5 binding to GII.4 Saga P-dimers. Cytochrome
¢ (reference protein) was used for unspecific clustering correction. a)—c) show raw data at 100 uM,
150 uM and 200 pM glycomacromolecule 5 concentration, respectively. Raw (light color) and corrected
(dark color) intensities for free and glycomacromolecule 5 bound P dimer is plotted as inset in bar
graphs. All charge states of P dimers were summarized and intensity normalized to non-binding P dimer
peaks. Schematically, green, grey and oval blue dots represent glycomacromolecules, cytochrome ¢ and
P dimer, respectively, and green circle on the oval blue dots are conveyed as binding pockets to show
the unspecific clustering and binding at different ligand concentrations.
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4. STD NMR and CSP NMR

4.1 Protein biosynthesis of GII.4 Saga P-dimers

Biosynthesis and purification of unlabeled and U-[H,"*N] GII.4 Saga P-dimers have been described

previously.’

4.2 STD NMR

NMR samples contained 30 uM P-dimers, 100 pM DSS-ds and 1 mM of either compound 7 or 11 in
20 mM deuterated sodium phosphate buffer, pH* 7.4. A train of 50 ms Gaussian-shaped radio frequency
pulses with a field strength of 67 Hz separated by 1 ms for a total duration of 2 s was used for protein
irradiation. Off and on-resonance experiments were performed at 200 ppm and -2 ppm, respectively. A
40 ms spinlock filter was used for suppression of protein signals. 640 and 720 scans have been acquired

for compounds 7 and 11, respectively.

4.3 Chemical shift perturbation experiments

Compound 6 has been titrated to a sample containing 85 uM U-[*H,'"N] P-dimers, 100 mM DSS-ds and
400 uM imidazole in 75 mM sodium phosphate buffer, 100 mM NaCl, pH* (uncorrected pH) 7.30,
10 % D,0O. HSQC TROSY spectra were acquired with 128 ms and 121 ms acquisition time as well as
16 ppm and 35 ppm sweep width in the respective proton or nitrogen dimension. 24 scans were
measured. Methyl o-L-fucopyranoside (Carbosynth) was added to a sample containing 100 uM
U-[?H,"N] P-dimers in the same buffer as described above. 20 scans were acquired. Spectra were

processed using Topspin 3.5 (Bruker) and analyzed with the CCPNMR 2.4.0 software suite.'
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5. Protein expression, purification and crystallization of the norovirus
P- dimer
The norovirus Vietnam026 GII.10 strain (GenBank accession number AF504671) was purified as
previously published.'! Briefly, the near-full-length GI.10 P domain (residues 224 to 538) was cloned
in a modified pMal-c2x expression vector and transformed into BL21 cells. Transformed cells were
grown in LB medium (supplemented with 100 pg/ml ampicillin) for 4 h at 37°C. Expression was induced
with 0.7 mM IPTG at an ODsoo = 0.7 for 18 h at 22°C. Cells were harvested by centrifugation and
disrupted by sonication on ice. A His-tagged fusion-P domain protein was purified from a Ni-NTA
column (Qiagen) and digested with HRV-3C protease (Novagen) overnight at 4°C. The cleaved
P-domain was separated on the Ni-NTA column and dialyzed in gel filtration buffer (GFB: 25 mM
Tris-HCI1 pH 7.6 and 300 mM NaCl) overnight at 4°C. The P domain was further purified by size
exclusion chromatography, concentrated to 2 mg/ml in GFB and stored at 4°C. Crystals of the P domain
were obtained by the hanging-drop vapor diffusion method in a mother solution containing 0.2 M
sodium nitrate, 0.1 M bis-tris propane (pH7.5), 20% (w/v) PEG3350. Crystals were grown in a
1:1 mixture of the protein sample and mother liquor at 18°C for 2 days. A single crystal was then soaked
briefly with multivalent fucose-macromolecule in a cryoprotectant containing the mother liquor with
30% ethylene glycol and was flash frozen before data collection. X-ray diffraction data were collected
at the European Synchrotron Radiation Facility, France at beamline ID23-1 and ID29 and processed
with XDS.!? The structure was solved using molecular replacement in PHASER'® using the previously
solved norovirus P domain (30NU) as a search model. The structure was refined in multiple rounds of
manual model building in COOT!* with subsequent refinement with PHENIX'S. The structure was
validated with COOT and Molprobity.'® Figures were generated using PyMOL. Atomic coordinates and

structure factors have been deposited in the Protein Data Bank (PDB) with the accession code of 6GY?9.
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Table S1. Data collection and refinement statistics of human norovirus GII.10 P domain complex structure.

GIIL.10 and
Glycomacromolecule
6 (PDB ID: 6GY9)

Data collection

Space group P2,
Cell dimensions
a,b,c(A) 66.28 80.37 71.51
a, B,v(°) 90 101.66 90
Resolution range (A)  35.02-1.83 (1.89-
1.83)*
Rumerge 4.11 (51.86)*
1ol 15.92 (2.03)*
Completeness (%) 93.55 (92.57)*
Redundancy 2.7 (2.7)*
Refinement
Resolution range (A) 34.17-1.83 (1.89-
1.83)*
No. of reflections 60919
Rwork/Rfree 20.04/23.23
No. of atoms 4981
Protein 4654
Ligand/ion 30
Water 297
Average B factors (A?)
Protein 31.56
Ligand/ion 40.72
Water 32.59
RMSD
Bond lengths (A) 0.007
Bond angles (°) 1.160

Data set was collected from a single crystal.

*Values in parentheses are for highest-resolution shell.

6. Molecular dynamics simulations

Molecular Dynamics simulations were performed at a constant temperature of 310° and constant
pressure of 1 bar using gromacs 4.5.5.!7 Each molecule was simulated for 100 ns after a 20 ns
equilibration run. Electrostatics were calculated using the particle mesh Ewald method,'® and water
molecules were kept rigid with SETTLE."

Interaction parameters for the building blocks of the macromolecules were obtained from the amber
SB99 force field**?!' for the backbone and the general amber force field?? for the triazole linker and
partial charges were derived using the R.E.D. tools scripts.”* Structure optimization for the charge

derivation was performed with Gaussian at the HF/6-31G* level of theory. The final set of charges for
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each molecular fragment was obtained from an ensemble average of 50 structures generated from 20 ns

MD trajectories. The fucose ligands were modeled using the GLYCAM06gSP]\54%5r1 4 force field,*** and

the system was solvated with TIP5P?® water molecules to avoid excessive interactions between the

fucose ligands.

7. Dynamic light scattering

Dynamic light scattering was conducted with a PSS Nicomp ZLS Z3000 equipped with a 500 mW laser
and an avalanche photodetector at a scattering angle of 90°. The concentration of the
glycomacromolecule samples were 10 mg/ml. Twofold dilution of the sample gave the same results and
plots of decay rate versus the square of the scattering vector for different scattering angles were linear
showing that the sample and setup were overall well-behaved. Autocorrelation functions were evaluated
by single exponential fitting with cumulant. DLS polydispersities were on the order of 0.2-0.3 probably
due to fluctuations of the chains. The error of the hydrodynamic radii given here is the standard deviation

from at least three different measurements.

8. EPR measurements

Spin-labeled glycomacromolecule 10 stock solutions (10 mM) were prepared in D,O and stored under
N> gas at -20 °C until further use. For all EPR measurements, dilutions thereof were prepared in sodium
phosphate buffered solution (75 mM sodium phosphate buffer, pH 7.3, 100 mM NacCl). The spin label
concentration was determined by EPR spectroscopy using the reference free spin counting function of
the EMXnano (Bruker Biospin).

For DEER experiments, samples containing spin-labeled ligand in the absence and presence of the
P-dimer were prepared in partially deuterated sodium phosphate buffered solution (75 mM sodium
phosphate buffer, pH 7.3, 100 mM NaCl). Concentration of P-dimer was 75 pM for all samples
containing protein, while ligand was added at 300 uM and 75 uM concentration, resulting in samples
with a molar ratio of P-dimer to ligand of 1:4 and 1:1, respectively. Pure ligand was measured at 90 uM

concentration. As a cryoprotectant 20% (v/v) of deuterated glycerol were added to each sample. The
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samples were transferred into quartz glass tubes (ER 221 TUB-Q-10; Bruker, I.D. 1 mm), shock-frozen
in liquid nitrogen to trap the conformational ensemble and subsequently measured.

DEER experiments were performed using an ELEXSYS ES580 spectrometer equipped with an
EN5107D2 Q-band EPR probe head (both Bruker Biospin) and a 10 W solid state amplifier. A CF935
helium gas flow system (Oxford Instruments) was used for temperature control. Experiments were
performed at T = 50 K. DEER experiments were performed using a dead-time free four-pulse
sequence.?” The echo amplitude was recorded as a function of the dipolar evolutions time t. The
corresponding EPR spectrum was obtained by field-swept echo acquisition and the pump and observer
pulses were positioned on the global maximum and close to the most intense local maximum (shifted
by 50 MHz) of the spectrum, respectively. The pump pulse length was adjusted in order to obtain a flip
angle of @ resulting in pulse length between 22 and 28 ns. The pulse separation time t; was 400 ns and
the dipolar evolution time 1, was 5000 ns. Nuclear modulation artifacts were suppressed by variation of
the interpulse delay 11 and averaging 8 traces with At; = 16 ns. An eight-step phase cycle was used. For
a complete DEER experiment individual scans were recorded, subjected to phase correction
individually, and subsequently summarized (Figure S53).

DEER data sets were analyzed using the DeerAnalysis 2016 software package for MATLAB.?
Extraction of the dipolar evolution function was achieved by background correction with a
3-dimensional homogeneous background function (Figure S53). Modulation depth scaling was used to
take different pump pulse lengths into account. Background-corrected data were analyzed by a
worm-like chain model.?® The DEER data in the absence of the Norovirus P-dimer can be well described
by a worm-like chain model (contour length 3.8 nm, persistence length 2.0 nm, and standard deviation
due to label flexibility 0.22 nm, Figures S54).

The DEER data upon background correction for the spin-labeled fucose- ligand in the absence and
presence of the P-dimer (molar ratio P-dimer/Fucose- ligand 1:4 and 1:1) is shown in Figure S55 (raw
data see Figure S53). No significant differences are observed for the data obtained in these three
experiments suggesting that the conformational ensemble of the fucose-ligand remains unaltered in the

presence of the P-dimer.
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Figure S53: DEER raw data of the doubly spin-labelled ligand 10 in the absence (blue) and in the
presence of P-dimer (molar ratio P-dimer/ligand 1:4 (red) and 1:1 (black)) and corresponding
background-functions (thin solid lines).
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Figure S54: DEER distance measurements of the doubly spin-labeled ligand 10 in the absence of the
P-dimer: a) experimental EPR raw data (blue) and background fit (red); b) corresponding form factor
after background correction (black) and fit with a worm-like chain model (red); c) corresponding
distance distribution (worm-like chain model).
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Figure S55: DEER distance measurements of the doubly spin-labeled ligand 10. Experimental EPR
data in the absence (blue) and in the presence (molar ratio P-dimer/Fucose- ligand 1:4 (red) and 1:1
(black)).

9. References

(1) Roux, S.; Zékri, E.; Rousseau, B.; Paternostre, M.; Cintrat, J.-C.; Fay, N. Elimination and exchange
of trifluoroacetate counter-ion from cationic peptides: A critical evaluation of different approaches. J.
Peptide Sci. 2008, 14, 354-359.

(2) Ponader, D.; Wojcik, F.; Beceren-Braun, F.; Dernedde, J.; Hartmann, L. Sequence-Defined
Glycopolymer Segments Presenting Mannose: Synthesis and Lectin Binding Affinity.
Biomacromolecules 2012, 13, 1845—-1852.

(3) Ponader, D.; Maffre, P.; Aretz, J.; Pussak, D.; Ninnemann, N. M.; Schmidt, S.; Seeberger, P. H.;
Rademacher, C.; Nienhaus, G. U.; Hartmann, L. Carbohydrate-Lectin Recognition of Sequence-Defined
Heteromultivalent Glycooligomers. J. Am. Chem. Soc. 2014, 136, 2008-2016.

(4) Roy, B.; Mukhopadhyay, B. Sulfuric acid immobilized on silica: An excellent catalyst for Fischer
type glycosylation. Tetrahedron Lett. 2007, 48, 3783-3787.

(5) Sun, J.; Kitova, E. N.; Wang, W.; Klassen, J. S. Method for Distinguishing Specific from Nonspecific
Protein—Ligand Complexes in Nanoelectrospray lonization Mass Spectrometry. Anal. Chem. 2006, 78,
3010-3018.

(6) Han, L.; Kitov, P. L; Kitova, E. N.; Tan, M.; Wang, L.; Xia, M.; Jiang, X.; Klassen, J. S. Affinities

of recombinant norovirus P dimers for human blood group antigens. Glycobiology 2012, 23, 276-285.

95



(7) Mallagaray, A.; Lockhauserbdumer, J.; Hansman, G.; Uetrecht, C.; Peters, T. Attachment of
Norovirus to Histo Blood Group Antigens: A Cooperative Multistep Process. Angew. Chem. 2015, 127,
12182-12187.

(8) Tahallah, N.; Pinkse, M.; Maier, C. S.; Heck, A. J. R.; Loo, J. A. The effect of the source pressure
on the abundance of ions of noncovalent protein assemblies in an electrospray ionization orthogonal
time-of-flight instrument. Rapid Commun. Mass Spectrom. 2001, 15, 596-601.

(9) Leney, A. C. ; Heck, A. J., Native mass spectrometry: what is in the name?, J. Am. Soc. Mass
Spectrom. 2017, 28(1), 5-13.

(10) F, Vranken, Wim; Wayne, B.; J. Stevens, T.; H, Fogh, Rasmus; Anne, P.; Miguel, L.; L. Ulrich, E.;
L. Markley, J.; John, L.; D. Laue, E. The CCPN data model for NMR spectroscopy: Development of a
software pipeline. Proteins 2005, 59, 687—696.

(11) Hansman, G. S.; Biertiimpfel, C.; Georgiev, I.; McLellan, J.S.; Chen, L.; Zhou, T.; Katayama, K.;
Kwong, P.D. Crystal Structures of GII.10 and GII.12 Norovirus Protruding Domains in Complex with
Histo-Blood Group Antigens Reveal Details for a Potential Site of Vulnerability. J. Virol. 2011,
85(13), 6687-6701.

(12) Kabsch, W. Automatic processing of rotation diffraction data from crystals of initially unknown
symmetry and cell constants. J. Appl. Crystallogr. 1993, 26, 795-800.

(13) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni, L. C.; Read, R. J.
Phaser crystallographic software. J. Appl. Crystallogr. 2007, 40, 658—674.

(14) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and development of Coot. Acta
Crystallogr D 2010, 66, 486-501.

(15) Adams, P. D.; Afonine, P. V.; Bunkoczi, G.; Chen, V. B.; Davis, I. W.; Echols, N.; Headd, J. J.;
Hung, L.-W.; Kapral, G. J.; Grosse-Kunstleve, R. W. ef al. PHENIX: A comprehensive Python-based
system for macromolecular structure solution. Acta Crystallogr D 2009, 66, 213-221.

(16) Chen, V. B.; Arendall, W. B.; Headd, J. J.; Keedy, D. A.; Immormino, R. M.; Kapral, G. J.; Murray,
L. W.; Richardson, J. S.; Richardson, D. C. MolProbity: All-atom structure validation for

macromolecular crystallography. Acta Crystallogr D 2009, 66, 12-21.

96



(17) van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Berendsen, H. J. C.
GROMACS: Fast, flexible, and free. J. Comput. Chem. 2005, 26, 1701-1718.

(18) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-log(N) method for Ewald sums in
large systems. J. Chem. Phys. 1993, 98, 10089—10092.

(19) Miyamoto, S.; Kollman, P. A. Settle: An analytical version of the SHAKE and RATTLE algorithm
for rigid water models. J. Comput. Chem. 1992, 13, 952-962.

(20) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling, C. Comparison of
multiple AMBER force fields and development of improved protein backbone parameters. Proteins
2006, 65, 712-725.

(21) Wang, J.; Cieplak, P.; Kollman, P. A. How well does a restrained electrostatic potential (RESP)
model perform in calculating conformational energies of organic and biological molecules? J. Comput.
Chem. 2000, 21, 1049-1074.

(22) Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. Development and testing of a
general amber force field. J. Comput. Chem. 2004, 25, 1157-1174.

(23) Dupradeau, F.-Y.; Pigache, A.; Zaffran, T.; Savineau, C.; Lelong, R.; Grivel, N.; Lelong, D.;
Rosanski, W.; Cieplak, P. The R.E.D. tools: Advances in RESP and ESP charge derivation and force
field library building. Phys. Chem. Chem. Phys. 2010, 12, 7821-7839.

(24) Kirschner, K. N.; Yongye, A. B.; Tschampel, S. M.; Gonzalez-Outeirino, J.; Daniels, C. R.; Foley,
B. L.; Woods, R. GLYCAMO6: A Generalizable Biomolecular Force Field. Carbohydrates. J. Comput.
Chem. 2008, 29, 622—655.

(25) Sauter, J.; Grafmiiller, A. Predicting the Chemical Potential and Osmotic Pressure of
Polysaccharide Solutions by Molecular Simulations. J. Chem. Theory Comput. 2016, 12, 4375-4384.
(26) Mahoney, M. W.; Jorgensen, W. L. A five-site model for liquid water and the reproduction of the
density anomaly by rigid, nonpolarizable potential functions. J. Chem. Phys. 2000, 112, 8910-8922.
(27) Pannier, M.; Veit, S.; Godt, A.; Jeschke, G.; Spiess, H. W. Dead-time free measurement of dipole—

dipole interactions between electron spins. J. Magn. Reson. 2011, 213, 316-325.

97



(28) Jeschke, G.; Chechik, V; lonita, P.; Godt, A.; Zimmermann, H.; Banham, J.; Timmel, C. R.; Hilger,
D.; Jung, H. DeerAnalysis2006—a comprehensive software package for analyzing pulsed ELDOR data.

Appl. Magn. Reson. 2006, 30, 473-498.

98



5.2 Monodisperse sequence-controlled a-L-fucosylated glycooligomers and
their multivalent inhibitory effects on LecB

Katharina Susanne Blicher, Nikolina Babic, Tanja Freichel, Filip Kovacic, Laura Hartmann
Macromolecular Biosciences 2018, 18 (12), 1800337 (1-8)

DOI: 10.1002/mabi.201800337

Received 4 September 2018

Published version of record online 8 November 2018
Published issue online 10 September 2018

https://doi.org/10.1002/mabi.201800337

Own Contribution (first author)

Synthesis of building blocks, synthesis of azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside, synthesis of
glycomacromolecules, characterization of all compounds by conducting HPLC-MS measurements and
analyzing results of NMR, MALDI-TOF-MS and HR-ESI-MS, full characterization of carbohydrate
derivatives, collaborative design of glycomacromolecules, collaborative development of a setup for
surface plasmon resonance (SPR) measurements, performance and analysis of all SPR experiments,

collaborative writing of manuscript.

Reproduced with permission from K. S. Bicher, N. Babic, T. Freichel, F. Kovacic, L. Hartmann,
Monodisperse sequence-controlled a-L-fucosylated glycooligomers and their multivalent inhibitory
effects on LecB, Macromol. Biosci. 2018, 18 (12), 1800337 (1-8). Copyright © 2018 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

99



FULL PAPER

Macromolecular
43 Bioscience

Glycomimetic Biofilm Inhibitors

www.mbs-journal.de

Monodisperse Sequence-Controlled o-L-Fucosylated
Glycooligomers and Their Multivalent Inhibitory

Effects on LecB

Katharina Susanne Biicher, Nikolina Babic, Tanja Freichel, Filip Kovacic,*

and Laura Hartmann*

The opportunistic bacterium Pseudomonas aeruginosa, often exhibiting mul-
tiresistance against conventional antibiotics, expresses the lectin LecB that is
suspected to be an important factor during biofilm formation via interactions
with cell-surface presented carbohydrate ligands such as the blood group
antigens. Therefore, carbohydrate-based ligands interfering with LecB binding
have the potential to lead to new anti-biofilm and anti-adhesion therapies.
This study explores in vitro binding potencies of glycomimetic ligands con-
taining up to six o~L-fucose ligands on a monodisperse, sequence-controlled
oligoamide scaffold interacting with LecB. Surface plasmon resonance (SPR)
and a modified enzyme-linked lectin assay (mELLA) revealed an increasing
affinity to LecB with increasing fucose valency. Furthermore, fucosylated gly-
cooligomers were shown to inhibit the formation of P. aeruginosa biofilm up
to 20%. Overall these results show the potential of fucosylated oligoamides
to be further developed as inhibitors of LecB binding and biofilm formation.

1. Introduction

Pseudomonas aeruginosa is a Gram-negative, rod-shaped bacte-
rium with a high viability in even antibacterial environments.
It can colonize almost all kinds of tissues and organs where it
forms biofilms.["! Biofilm-conditioned, decreased availability of
the bacteria is one of the main factors in often-observed resist-
ance against common antibiotics.?! This becomes particularly
problematic in immune-suppressed individuals, for example,
suffering from AIDS, cancer, or cystic fibrosis. P. aeruginosa
infections are symptomized by serious secondary acute and
chronic pneumonia or otitis externa diffusa.??] Therefore it

K. S. Biicher, T. Freichel, Prof. L. Hartmann

Institute of Organic and Macromolecular Chemistry
Heinrich-Heine-University Duesseldorf
Universitaetsstrafe 1, 40225 Duesseldorf, Germany
E-mail: laura.hartmann@hhu.de

N. Babic, Dr. F. Kovacic

Institute of Molecular Enzyme Technology
Heinrich-Heine-University Duesseldorf and
Forschungszentrum Jiilich GmbH

Wilhelm Johnen StraRe, 52428 Jiilich, Germany
E-mail: f.kovacic@fz-juelich.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mabi.201800337.

DOI: 10.1002/mabi.201800337

Macromol. Biosci. 2018, 18, 1800337

100

1800337 (1 of 8)

is of great importance to understand the
mechanisms leading to biofilm forma-
tion and develop compounds that are
able to interfere with biofilm formation
while being nontoxic for the patient. Two
multivalent lectins of P. aeruginosa are
believed to play key roles in the recogni-
tion and adhesion to human cells, bio-
film formation as well as epithelial tissue
damages. These are the galactose-specific
LecA (PA-IL) and the fucose-specific LecB
(PA-IIL).l* In this work we study LecB,
a 119 kDa calcium-dependent lectin
forming homotetramers extracellularly.
With four fucose binding sites at 40-50 A
distances, it is involved in the cross-
linking of P. aeruginosas’ own extracellular
glycans or host surface exposed glycolipids
and glycoproteins.”l Due to the involve-
ment of carbohydrate-lectin interactions in
biofilm formation, the inhibition or blocking of the lectin has
been investigated in a number of studies aiming to prevent or
disrupt biofilm formation.?>~7] Considering natural monosac-
charides as ligands, LecB has the highest affinity for r-fucose
with a Ky of 2.9 um, while mannose and fructose are weaker
binding partners.®”] The effect of monosaccharides on LecB
binding was for example shown by Hauber et al., where the
amount of P. aeruginosa in sputum of infected cystic fibrosis
patients was reduced after inhalation with a mixture of galac-
tose and fucose.l'% LecB binding affinities could be improved by
functionalizing 1-fucose with methyl (MeFuc) or p-nitrophenyl
groups.”>1 As LecB also binds oligosaccharides, for example,
blood group antigens A, B, H, Le* and Le? the latter with
highest affinity of 210 nm,[2l multivalent fucosylated glycoclus-
ters,[1314 —oligomers,”) and —dendrimers'*'°! were designed
for LecB inhibition. Synthetic multivalent dendrimers!'®'8 and
complex dendritic glycoclusters!'”l with up to 16 fucose units
showed up to 86 times higher binding potency per sugar unit
in comparison to MeFuc. Similar to other multivalent glycomi-
metic structures, effects of the scaffold, for example, in terms of
its architecture and distances between the ligands, were shown
to have an effect on LecB binding.'*1]

Recently, we have reported the synthesis of a novel class
of multivalent glycomimetics based on monodisperse and
sequence-controlled oligo(amidoamines) (see Figure 1).
Through the step-wise assembly of tailor-made building blocks
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Figure 1. Structure and schematic representation of fucosylated glycooligomer Fuc(2,4,6)-7 (see Table 1, entry 3) and building block units.

on solid support, full control over the scaffold's composition
as well as the presentation of carbohydrate ligands at defined
positions along the scaffold is possible.?”) Thus an important
advantage of such precision glycooligomers is their highly
variable, yet controlled synthesis giving access to chemically
defined glycomimetics of different valencies, different archi-
tectures, different ligand densities, going from lower to higher
molecular weights or combining different carbohydrate ligands
within one macromolecule.??2l Using this platform, we have
previously demonstrated the synthesis of precision glycomac-
romolecules carrying fucose ligands varying in the number
and spacing of ligands.??l Here we now study such fucosylated
glycooligomers (Figure 1) as ligands of LecB and explore their
potential as inhibitors of biofilm formation.

2. Experimental Section

2.1. Synthesis of Fucosylated Glycooligomers

Building blocks TDS and EDS were synthesized following
known procedures.?% Fucosylated oligoamides were synthe-
sized according to the previously established protocols via
solid phase polymer synthesis (SPPoS) on a Tentagel S-RAM
resin with a loading of 0.22-0.25 mmol g! (for detailed infor-
mation, see Supporting Information).?23 In short, via alter-
nating coupling and deprotection steps with EDS as spacer
and TDS as functional building block, the targeted scaffold
structures were build-up. The following attachment of azidated
monosaccharides by solid supported copper click cycloaddition
reaction (CuAAC) with a twofold excess of carbohydrate azide
derivative per alkyne group applying previously published pro-
tocols gave the final glycooligomers.[?% 2-Azidoethyl-2,3,4-tri-O-
acetyl-or1-fucose was synthesized using a sulfuric acid catalyst
for Fischer-glycosylation to gain pure o-functionalization.*]
2-Azidoethyl-2,3,4,6-tetra-O-acetyl-p-galactose was used as o/f-
mixture.?’) Glycooligomers were cleaved off the resin with a
solution of 95% trifluoro acetic acid (TFA) and isolated by pre-
cipitation in diethyl ether. After decanting the ether, dissolving
the product in water and lyophilization, all glycooligomers were
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purified by ion exchange resin and preparative HPLC (with a
gradient of water/acetonitrile). Overall, seven fucose and one
galactose functionalized glycooligomers were synthesized and
characterized by means of 'H-NMR, RP-HPLC/MS, MALDI-
TOF-MS, and high resolution ESI-MS (see Supporting Infor-
mation). Synthesis and analysis of glycooligomers 1 and 4 has
been previously reported.[?’]

2.2. Surface Plasmon Resonance

In SPR experiments, the inhibitory potential of glycooligomers
1-8 toward LecB were analyzed and compared to MeFuc during
an inhibition competition assay on a highly fucosylated strepta-
vidin (SA)-sensor chip. Measurements were performed in two
experiments, investigating the binding of glycooligomers 1-5
and the galactosylated negative control 8 in the first experiment
on two different sensor chips and applying glycooligomers 3, 6,
and 7 on a freshly prepared third sensor chip.

Measurements were conducted on a Biacore X100 instrument
from GE Healthcare Life Sciences in a two-flow cell system.
Biacore X100 control software was used for recording and anal-
ysis was performed with Biacore X100 evaluation software. All
buffers and water were filtered in vacuum through membrane
filters with 0.2 um pore size before usage on the instrument.
To a sensor chip functionalized with streptavidin (SA-chip)
biotinylated fucose-polyacrylamide (biotinylated Fuc-PAA,
4.2 ug mL™! in HBS-P+ buffer, pH 7.4) as positive control (flow
cell 2) and biotinylated galactose-polyacrylamide (biotinylated
Gal-PAA, 4.2 pg mL™! in HBS-P+ buffer, pH 7.4) as negative
control (flow cell 1) were immobilized via biotin-streptavidin
capturing method®® with a contact time of 500 s and a flow
rate of 5 pL min~!. Sodium chloride, isopropanol, and sodium
hydroxide were prepared as denoted from the manufacturer and
HSB-P+ buffer was used as running buffer during the immobi-
lization procedure. Immobilisation levels, expressed in response
units (RU), reached for the first (1) and second (2) experiment
were 1054.2 RU® and 1206.6 RUM and 1102.4 RU® for the
fucosylated flow cells 2 and 1067.8 RU and 1247.0 RUM and
1135.9 RU® for the galactosylated reference cells 1, respectively.
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The measurements were carried out with tris(hydroxymethyl)
aminomethane (TRIS) buffer (20 mm TRIS, 100 mm NaCl,
0.1 mm CaCl,, pH 7.5) as running buffer. During the measure-
ments the interaction of injected LecB to the fucosylated sensor
chip was monitored as response units (RU) of the difference
spectra (flow cell 2—-flow cell 1). After preincubation of LecB
with a dilution series of a specific ligand for 1 h the inhibitory
effect of the ligand was observed by the decrease of LecB signal
(RU) on the sensor chip correlated with increasing amount of
ligand in the dilution series. Within one experiment the inhibi-
tion assay of each ligand was repeated in at least three inde-
pendent measurements whereas repetitions of MeFuc were car-
ried out at the beginning, in the middle and at the end of the
whole experiment to ensure reproducibility.

For the inhibition competition assay, a series of eight to nine
different concentrations of a specific ligand in TRIS buffer
were produced in a 1:3-dilutions series starting with 3600 nwm.
40 pL of each dilution was incubated with 40 pL of LecB in
TRIS buffer (400 nwm) to obtain final concentrations of 200 nm
for LecB and 1800, 600, 200, 100 (additional dilution), 66.66,
22.22,7.41, 2.47, and 0.82 nu for the ligands (dilution series of
glycooligomers 4 and 5 600 nM—0.27 nwm). Dilutions of MeFuc
differed because of lower affinities and led to final concen-
trations of 10.0 um, 3.33 um, 1.11 pM, 370 nM, 123 nm, 41 nm,
14 nm, 4.6 nv, and 1.5 nm. LecB and ligand were incubated for
1 h at room temperature and the series was measured subse-
quently by automated injection to both flow cells in a multi
cycle measurement. One inhibition competition assay for a
specific ligand included two startup cycles of running buffer as
negative control, the series of incubated LecB with the desired
ligand dilutions, one duplicate measurement of a LecB-ligand
complex with a ligand concentration close to the ICs, value as
internal standard of each series and additionally one cycle of
LecB (200 nm) without inhibitor as positive control and one
cycle of inhibitor (Cp,,,) without LecB as negative control.

Each sample was injected with a flow rate of 20 uL min~!, a
contact time of 100 s and a dissociation phase of 60 s. Regen-
eration of the sensor chip by washing off the protein—oligomer
complex was not successful (see Supporting Information).
Hence, after sample injection, a solution of 1 m NaCl and
0.05% sodium dodecyl sulfate (SDS) in water was injected two
times at a flow rate of 30 uL min~' in order to denature LecB
still attached to the sensor chip surface. The first denaturation
phase took 60 s and the second denaturation was conducted
with a contact time of 30 s. Every measurement cycle was com-
pleted by washing with running buffer with a contact time of
120 s and a flow rate of 10 uL min~".

As binding signal of each cycle the report point was set to
165 s after cycle start at the end of the association phase whereas
the baseline before injection was adjusted to 0 RU. The rela-
tive response unit at this report point obtained from the 200 nm
LecB solution in TRIS buffer without inhibitor was set to 100%
binding. The binding signals gained from LecB incubated with
the dilutions of the corresponding ligand were referred to LecB
and calculated for relative binding in %. Half maximum inhibi-
tory concentration (ICso) values were calculated as concentra-
tion of the ligand resulting in 50% inhibition of LecB binding
to the fucosylated sensor chip surface by reciprocal binding
curves. Calculations were carried out with OriginPro 9.0G.
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Representative inhibition curves were set to 0% inhibition for
binding of LecB (without inhibitor) whereas the concentration
of inhibitor was set to 0.01 num to realize the presentation of the
value at the logarithmic scale. Maximal inhibition by glycooli-
gomers was extrapolated to 10 um (100%). The signal of LecB/
inhibitor mixture with lowest inhibitor concentration was set to
100% inhibition. The relative inhibitory potencies (RIP) of the
ligands were calculated by correlating their ICs, values with the
ICs, value of MeFuc measured on the same sensor chip (ICsq
(0~MeFuc)/ICs (ligand)).

2.3. Modified Enzyme-Linked Lectin Assay

As second binding assay, the enzyme-linked lectin assay
(ELLA) modified according Schwarbroch (2017) was used.?”) In
short, hydrophobic nunc-immuno maxi-sorp plates (Thermo
Fisher Scientific, Darmstadt) were coated with o~i-fucose-
polyacrylamid-biotin (FPA) conjugate (100 UL, 5 ug mL™) (Gly-
coTech, Canada) dissolved in sodium phosphate buffer (0.3 m,
pH 7.4) by agitating the plates (150 rpm) for 1 h at 37 °C. FPA
solution was discarded and the plates were agitated (150 rpm)
for 1 h at 37 °C with blocking buffer (100 uL, 137 mm NaCl,
1.4 mm KH,PO,, 8.1 mm Na,HPO,, 2.7 mm KCl, 0.2% (v/v)
Tween 20, bovine serum albumin (BSA) 3% (w/v), pH 7.4)
containing BSA to saturate unbound sites in order to prevent
unspecific LecB binding. BSA solution was discard and the
inhibitor (50 uL) dissolved in sodium phosphate buffer (0.3 m,
pH 7.4) was added in a 2 x 107-9 mm concentration range.
Subsequently, P. aeruginosa lectin LecB (50 pl, 15 ng mL7},
Elicityl OligoTech) dissolved in Tris/HCl buffer (100 mw,
0.1 mm CaCl,, pH 8) was added and the plates were agitated
(150 rpm) for 1 h at 37 °C. The liquid was discarded and the
excess of unbound LecB was removed by agitating (150 rpm)
the plate for 20 min at 37 °C with blocking buffer. Washing
step was repeated three times and bound LecB was detected by
agitating (150 rpm) the plate overnight at 4 °C with anti-LecB
antiserum (100 pL) diluted 5000 fold with blocking buffer.
The excess of unbounded antibody was removed by agitating
(150 rpm) the plate in three cycles of 20 min at 37 °C with the
blocking buffer followed by the incubation with secondary goat
anti-rabbit IgG antibodies couplet to horseradish peroxidase
(100 pL, Bio-Rad, Munich) according manufacturer's recom-
mendations. The excess of unbounded antibody was removed
by agitating (150 rpm) the plate in three cycles of 20 min at
37 °C with the blocking buffer. Peroxidase substrate (100 UL,
hydrogen peroxide 0.0095% (v/v), luminol 1.28 mw, Tris/HCI
0.1 mm, pH 8.6, p-hydroxycoumaric acid 0.1 g L7}, dimethyl
sulfoxide 9.1% (v/v)) was added and the chemoluminescence
was measured using a microtiter plate reader (Infinite M1000
Pro, Tecan trading AG, Switzerland). The percentage of inhibi-
tion was calculated according to Equation (1) and ICs, values
were calculated using logistic fit of sigmoidal curves. All
results are mean + standard deviation of three independent
experiments each measured three times.

(Awithout inhibitor Awith inhibitor )

x 100 (1)

Awilhout inhibitor
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2.4. Biofilm Assay

The P. aeruginosa PA018] overnight culture was diluted with
LB medium to an ODsgy,,, = 1.4 and aliquots of 48 UL were
incubated with 2 pL of each oligomer solution (50 mw) in
sterile water using 96-well microtiter plate for 21 h at 37 °C.
After discarding the culture, the plate was washed two times
with distilled water and air-dried. The bounded cells were
stained with 80 UL of 1% crystal violet (w/v) for 15 min at room
temperature. After removing unbounded crystal violet, the plate
was washed with distilled water and air-dried. Cell-bounded
crystal violet was dissolved in 100 uL of 30% acetic acid (v/v) by
agitating for 30 min at 300 rpm and room temperature. Finally,
aliquots of 80 UL were transferred to the new microtiter plate
and absorbance was measured at wavelength of 550 nm. Nega-
tive control contained 48 pL of LB medium and 2 uL of sterile
water. Positive control containing 48 uL of P. aeruginosa PAO1
culture and 2 pL of sterile water was taken as 100%. The issue
of unequal evaporation from the plate during incubation, so-
called “edge effect,” was minimized as described previously.*”)

3. Results and Discussion

3.1. Synthesis of Fucosylated Glycooligomers

In total, seven sequence-controlled i-fucose-functionalized oli-
goamides (1-7) as well as a galactose-functionalized oligoamide
(8) were synthesized according to previously presented pro-
tocols (Table 1).2 In short, two tailor-made building blocks,
EDS and TDS, were iteratively coupled on solid support using
standard Fmoc-coupling protocols. EDS is used as so-called

Table 1. Analytical data of glycooligomers 1-8.
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spacer building block introducing a diethylene glycol unit in
the backbone of the oligomer while TDS is used as functional
building block introducing an alkyne side chain allowing for
CuAAC of azido-functionalized carbohydrate ligands (Figure 1).
Through the sequence of building blocks during assembly,
the positions of alkyne moieties and thereby the carbohydrate
ligands along the scaffold are controlled. This sequence is also
represented in the nomenclature of such glycooligomers where
first the kind of carbohydrate ligand is given (e.g., Fuc), fol-
lowed by the position of ligands along the scaffold (e.g., 1,3,5)
followed by the overall number of building blocks in the scaf-
fold (e.g., 5) (see also Figure 1). After successful assembly of
the scaffold, fucose or galactose ligands were introduced via
established CuAAC protocols and glycooligomers were isolated
after cleavage from the solid support. All glycooligomers were
further purified by ion exchange and reversed phase semi-pre-
parative RP-HPLC in order to obtain the final products in high
purity (see Table 1 and Supporting Information).

Fucosylated glycooligomers in this series vary in valency (oli-
gomers 1-5) with one up to six fucose ligands per oligomer.
Additionally, three trivalent structures (3, 6, and 7) were synthe-
sized containing one, two, or three EDS spacer building blocks
between the fucose units, respectively. It should be noted that
the fucosylated glycooligomers in solution most likely adapt
a coiled conformation as was previously shown, for example,
by dynamic light scattering experiments.??3l The hydrodynamic
volume of such coiled structures would be expected to also
depend on the overall length of the scaffold. Therefore, in order
to keep this parameter relatively constant, all glycooligomers
are about seven building blocks long. The exceptions are hexa-
valent oligomer 5 with no EDS spacing and a total of 6 building
blocks and trivalent oligomer 7 with three EDS spacer units and

thus a total of nine building blocks. As nega-
tive control, glycooligomer 8 was constructed
in analogy to divalent structure 2 using galac-

tose as ligand known to bind weak to LecB.

Entry Schematic structures MW n? Fucose Retention time®  Yield Relative purity
[gmol™]  [Galactose] [min] [%]9 196
i g,_)ﬁﬁﬁ)‘, 155850 : 123 2 =8 3.2. Competition Studies of Fucosylated
Glycooligomers toward LecB with SPR
2 A A 2206.2 2 12,1 38 98
Fuc(3.5)-7
To investigate the inhibitory effects of pre-
2 . - cdies . His 4 2 cision glycooligomers 1-8 on LecB, SPR
SIS experiments were performed applying a
4 A_A A A 27424 4 1.6 28 97 competition assay. Therefore, a sensor chip
Fuc(1,3,5:7)-7 was functionalized with commercially avail-
5 AA 3048.5 6 10.9 48 99 able polydisperse fucosylated polyamide.
Fuc(1.2.3.4.5.6)-6 Glycooligomers as well as MeFuc as refer-
6 : A A 24743 3 1.9 30 08 ence inhibitor were incubated with Lec.B
Fuc(Ld. N7 and subsequently injected onto the SPR chip
5 & — " _ - % to test binding of LecB to the fucosylated
c;—,_)_,_)é,g_)_,é, chip surface. Depending on the affinity of
Fuc(1.5.9)-9 the inhibitor to LecB, more or less LecB is
8 0 22382 02 11.5,11.7 57 99 blocked through binding to the glycooli-

D o
Gal(3.5)-7

gomer and will not bind to the chip sur-

ANumber of fucose units on the scaffold; YAs determined by integration of the UV signal at 214 nm in
reversed phase HPLC (gradient water/acetonitrile (95/5) to water/acetonitrile (1:1) in 30 min) after puri-
fication with ion exchange resin and RP semi-preparative HPLC; 9lsolated yield after purification with ion

exchange resin and RP semi-preparative HPLC.
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face. In order to determine half maximum
inhibitory concentrations, all glycooligomers
and MeFuc were applied in series of dif-
ferent concentrations. As negative control,
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a galactose-functionalized polyamide (Gal-PAA) was immobi-
lized on a reference cell on the chip and galactose-functional-
ized oligomer (8) was tested as inhibitor in the assay. Within
the competition assay, the main challenge was the regenera-
tion of the SPR chip after each measurement due to the pro-
nounced interaction of LecB with the highly fucosylated chip
surface. However, we were able to show that via multicycle test
measurements with several subsequent injections and dena-
turation steps using SDS and sodium chloride, reproducible
ICs, values are derived (see Supporting Information). Repro-
ducibility was further monitored by a duplicate measurement
with a ligand concentration close to the ICs, value at the end of
each assay. All oligomers were measured in three independent
assays. Additionally, MeFuc was measured at the beginning, in
the middle, and at the end of every series of experiments, again
confirming reproducibility.

Following this procedure, all glycooligomers were tested for
their inhibitory potential against LecB giving the according ICs,
values (see Figure 2). No binding of LecB and fucosylated gly-
cooligomers on the reference cell functionalized with Gal-PAA
was observed. Similarly, galactose functionalized oligomer 8
showed only low influence on the binding of LecB to the cell
functionalized with Fuc-PAA (see Supporting Information).

Figure 2B,D comprises the results of the SPR measure-
ments also giving the relative inhibitory potential (RIP) as the

www.mbs-journal.de

obtained ICs, values (see Supporting Information) normal-
ized to the ICsy value of MeFuc and the RIP divided by the
number of fucose ligands per oligomer (RIP/n). In agreement
with previous results we observe that already the monovalent
glycooligomer 1 shows an increased inhibitory potential in
comparison to MeFuc.?%) When looking at the higher valent
structures, in general higher valency leads to an increase in the
inhibitory potential indicating higher affinity. Thus hexavalent
glycooligomer 5 exhibits the best inhibitory potential in this
study with a 17 times better binding (ICsq = 22 nwm) in com-
parison to MeFuc (ICso = 381 nwm). These results display a good
binding enhancement comparable to other similar fucosylated
oligomers in literature, for example fucosylated phosphodies-
ters from the group of Vidal with an enhancement in binding
of 14 for a hexavalent structure in comparison to r-fucose that
itself binds about seven times less than MeFuc.["” Looking at
the RIP normalized to the number of fucose ligands, we see
that for all glycooligomers the inhibitory potential per carbo-
hydrate moiety is similar. This indicates that the increase in
binding is most likely related to statistical effects where more
fucose ligands attached to the oligomer lead to an increased
probability of binding to the receptor. This is again in agree-
ment with previous observations from other groups inves-
tigating the binding of linear fucosylated oligomers toward
LecB.[1415]

(A) (C)
= Fuc(4)-7 (1) a Fuc(2,4,6)7(3) $
100 ® Fuc(35)7(2) : /i e A4, s §
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Figure 2. Inhibition of LecB binding measured by SPR with LecB (200 nm) and glycooligomers 1-5 with different fucose valency (A, B) and trivalent
glycooligomers 3, 6, and 7 with different spacing between the fucose side chains (C, D): 1Csq curves (A, C), maximal inhibition by glycooligomers was
extrapolated to 10 um (100%); relative binding potencies (RIP) (green) and binding potencies per fucose unit (RIP/n) (grey) (B, D), schematic struc-
tures are depicted underneath diagrams. Values were expressed relative to MeFuc (RIP = 1). Errors are standard errors of the mean (SEM) of three
independent measurements. MeFuc served as reference in both experiments.
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3.3. Binding Studies with Modified Enzyme-Linked Lectin Assay

All fucosylated glycooligomers 1-7 and the negative control
8 were further investigated for their binding affinity toward
LecB in an inhibition competition assay by a modified form of
ELLA, a version of the enzyme-linked immunosorbent assay*%
that allows quantification of the lectin LecB using an anti-LecB
antiserum.’!l The competitive inhibition of LecB binding to a
highly fucosylated solid surface was assayed by introducing a
specific fucosylated oligomer simultaneously to the plate. To
determine LecB concentration suitable for the inhibition assays
the mELLA was performed in the absence of an inhibitor with
the protein in concentration range 0.13-1000 ng mL™!, and
luminescence, which is proportional to the amount of LecB,
was measured (Figure S41, Supporting Information). From
the obtained saturation curve, we determined a linear relation-
ship of the signal intensity with the LecB up to 19 ng mL™.
Therefore, using 15 ng mL™! LecB in inhibition experiments
allowed sensitive determination of free LecB (LecB not in the
complex with the inhibitor). To exclude interference of the
inhibitors with mELLA assay, biotinylated Fuc-PAA coated sur-
face was incubated (1 h, 37 °C) with glycooligomers 2 and 7
(1.2 and 33 pm) followed by washing and incubation with LecB
(Figure S42, Supporting Information). Very similar chemolu-
minescence intensities detected with mELLA indicate that gly-
cooligomer inhibitors do not disrupt fucosylated surface of the
plate. Under these conditions, all glycooligomers were tested
for competitive inhibition of LecB binding giving the respective
ICs, values (Figures S43, S45-S52, and Table S2, Supporting
Information). Galactose-functionalized glycooligomer (8) could
not bind LecB (Figure S44, Supporting Information) which is
in agreement with low affinity of LecB for galactose.!’!

Figure 3 shows relative inhibitory potencies (RIP) and RIP
per fucose side chain (RIP/n) derived from ICs, values from
mELLA (Table S2, Supporting Information). In agreement
with results from the SPR assay, we observe that the inhibitory

RIP RIP/n
35 9
30 s
7
25
6
20 -
15 4
3
10
2
ol 0«0 M MM,
£ = &8 8 e &~ ¥ »
$

Figure 3. Inhibition of LecB binding measured with mELLA. A) Relative
binding potencies (RIP) and B) binding potencies per fucose unit (RIP/n)
of glycooligomers 1-7, schematic structures are depicted underneath dia-
gram. All values were expressed relative to MeFuc (RIP = 1). Errors are
standard errors of the mean (SEM) of nine independent measurements.
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potencies of glycooligomers increase with the number of
fucose moieties. However, while for the SPR experiments a
continues increase in RIP with increasing number of fucose
ligands was observed, in the mELLA RIP of glycooligomers
with 1 and 2 fucose moieties is at the level of MeFuc while
inhibition is strongly enhanced for glycooligomers with 3 or
more fucose moieties (RIP > 18), with the highest RIP = 31 for
tetravalent structure 4 (n = 4). Interestingly, differences in RIP
ranging from 5 to 24 for the trivalent glycooligomers, struc-
tures 3, 6, and 7 with different spacing between fucose moie-
ties was observed. In SPR experiments, only minor effects of
ligand spacing were observed. It should be noted that in the
SPR experiment inhibitors and LecB were preincubated in
solution providing the chance to reach an equilibrium prior
binding to fucosylated surface of the chip. In the mELLA assay,
the inhibitor was added to the fucosylated surface followed
by addition of LecB to achieve the competition between two
binding partners. While the latter setup could be expected to be
more sensitive against the availability of fucose side chains and
the kinetics within the binding process, it also mimics the situ-
ation that might occur during in vivo inhibition of biofilm for-
mation. Here biotic surfaces presenting fucose ligands would
compete for binding to LecB with the potential inhibitors, such
as our glycooligomers. Overall, results from mELLA suggest
that the structure of glycooligomers, especially the arrange-
ment of fucose units on the scaffold, play an important role
for LecB inhibition. Thus, these molecules offer an interesting
blueprint for further design of multivalent polymer-based LecB
inhibitors.

3.4. Biofilm Formation Assay

All glycooligomers were tested for their ability to inhibit for-
mation of P. aeruginosa PAO1 biofilm in vivo. LecB is consid-
ered an essential protein for the formation of biofilm as was
shown by a P. aeruginosa strain with the LecB gene deleted®"
and to be possibly involved in linking extracellular polysac-
charides forming the biofilm matrix.>3!l Therefore, inhibitors
bound to LecB as seen in the previous binding studies of the
glycooligomers might prevent efficient assembly of biofilm.
To test this effect, staining P. aeruginosa PA01 cells attached to
the plastic surface of microtiter plate in presence of 2 mwm gly-
cooligomer inhibitors 1-7 was performed showing reduction of
biofilm amount (15-20%) for all fucosylated glycooligomers as
shown in Figure 4. The galactose-functionalized glycooligomer
as negative control did not influence biofilm formation. The
effect of MeFuc as reference was much weaker (7% inhibition)
in comparison to the fucosylated glycooligomers. However,
we did not observe a correlation of the number or spacing of
fucose ligands and the resulting effect on biofilm formation.
It is clear that biofilm formation and inhibition is a complex
process depending on multiple virulence factors and might
not only depend on the inhibition of LecB. This is in agree-
ment with other studies of Pseudomonas lectin inhibitors, for
example, complex glycopeptide dendrimers (ICs, = 0.14 um by
ELLA)'® and mannose-centered galactoclusters (ICsy = 10 pm
by ELLA)B? that inhibited biofilm formation for 40-55% at 1Cs
concentrations.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Biofilm formation assay with P. aeruginosa incubated with gly-
coamidoamine inhibitors. Inhibitory effect of glycooligomers 1-7 (2 mwm)
on formation of P. aeruginosa PAO1 biofilm in a microtiterplate after 21 h
incubation. Attached biofilm was quantified with crystal violet. The mean
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Therefore, in order to understand the mechanism of
biofilm inhibition using fucoslyated glycooligomers and
designing even more potent inhibitors based on the precision
oligoamide scaffolds, further studies are required. Neverthe-
less, this first generation of glycooligomers shows the poten-
tial to further develop such multivalent LecB inhibitors and
investigate both, their lectin binding behavior and effect in
biofilm inhibition.

4, Conclusions

A series of fucosylated glycooligomers was successfully tested
for their potential to act as inhibitors in LecB binding. SPR
results show enhanced inhibitory potential against LecB with
increasing valency of the glycooligomers while mELLA results
also indicate an influence of the spacing of ligands along the
oligomeric backbone. Reduction of biofilm formation by P.
aeruginosa PAO1 in presence of the glycooligomers shows the
potential of such glycooligomers for the further development
toward novel antivirulence drugs. Ongoing studies are con-
cerned with the more detailed structural analysis of ligand—
receptor complex binding and the further improvement of
inhibitory potential by using glycooligomers as building blocks
to assemble even higher valent ligands, for example, by attach-
ment of glycooligomers onto nanoparticlesi®® or polymerization
of glycooligomer-based macromonomers.??

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Monodisperse sequence-controlled a-L-fucosylated glycooligomers and their
multivalent inhibitory effects on LecB

Katharina Susanne Biicher, Nikolina Babic, Tanja Freichel, Filip Kovacic* and Laura
Hartmann*

1 Experimental methods

1.1 Materials

Diethyl ether (with BHT as inhibitor, > 99.8%), triisopropylsilane (TIPS) (98%), (+)-sodium-L-
ascorbate (> 99.0%), citric acid (> 99.5%), D-galactose (> 99%), sodium diethyldithiocarbamat
trihydrate, sodium methanolate (95%) and all deuterated solvents were all purchased from Sigma-
Aldrich. Dimethylformamide (DMF) (99.8%, for peptide synthesis), piperidine (99%), copper(Il)sulfate
(98%), 2-bromoethanole (97%), sodium azide (99%), isopropanol (99.5%), TRIS (= 99.8%) and trityl
chloride (98%) were purchased from Acros Organics. Methanol (100%), sulfuric acid (95-98%) and
acetic anhydride (Ac20) (99.7%) were purchased from VWR Prolabo Chemicals.
N,N-Diisopropylethylamine (DIPEA) (= 99%) was purchased from Carl Roth. Dichloromethane (DCM)
(99.99%), acetonitrile (= 99.9%) and NaCl (> 99.0%) were purchased from Fisher Scientific.
Trifluoroacetic acid (TFA) (99%) was purchased from Fluorochem. Tentagel S RAM® (Rink Amide)
resin was purchased from Rapp Polymere and had a loading of 0.22 mmol, 0.23 mmol or 0.25 mmol of
Fmoc-protected amine groups per gram of resin. L-Fucose was purchased from Jennewein
Biotechnologie GmbH. Silica gel (60 M, 0.04-0.063 mm) was purchased from Machery-Nagel. Succinic
anhydride was purchased from Carbolution. Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) was purchased from NovaBiochem. The
ion exchange resin (AG1-X8, quarternary ammonium, 100-200 mesh, acetate form) was purchased from

BioRad. Syringe filters, 4 mm, 0.45 um PTFE were purchased from Restek. Filter syringes with a
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polypropylene frit were purchased from Multisyntech GmbH. Streptavidin sensor chips (SA-chips),
sodium chloride solution (1 M), sodium hydroxide solution (0.2 M) and HSB-P+ buffer for SPR
measurements were purchased from GE Healthcare Life Sciences. LecB was perchased from OligoTech.
a-L-methylfucose (> 98.0%) was purchased TCI. CaCl, (min. 97%) was purched from AppliChem.
Biotinylated fucose- and galactose-polyacrylamide (Fuc-PAA, Gal-PAA) were purchased from

GlycoTech.

1.2 Instrumentation

Nuclear magnetic resonance spectroscopy (NMR)
Spectra of '"H NMR and '*C NMR were recorded on a Bruker AVANCE III — 300 (for 300 MHz) and a
Bruker AVANCE III — 600 (for 600 MHz). As internal standard residual, non-deuterated solvent was

used. Chemical shifts were reported in delta (8) expressed in units of parts per million (ppm).

Semi-preparative reverse-phase high-performance liquid chromatography (semi-preparative RP-
HPLC)

Preparative RP-HPLC for purification of glycomacromolecules was performed on an Agilent 1200
HPLC System at 25 °C. Product separation was realized on a Varian Persuit semi-preparative column
(Cis, 250x10.0 mm). The glycomacromolecules were eluted with a linear gradient of water (A) and
acetonitrile (B) at a flow rate of 20 mL/min. The product fractions were collected and combined. After
concentration in vacuum the glycomacromolecules were dissolved in milliQ-water, filtered through

syringe filters and lyophilized.

Reversed phase - high performance liquid chromatography - mass spectrometry (RP-HPLC/MS)
Analytical RP-HPLC/MS was performed at 25 °C with a RP-HPLC system from Agilent (Agilent 1260
Infinity) equipped with an Agilent Poroshell 120 EC-C18 (3.0x50 mm, 2.5 pm) RP column. As mobile
phases HoO/ACN (95/5) (A) and H,O/ACN (5/95) (B) with 0.1% formic acid were used. A variable
wavelength detector (VWD) was coupled that was set to 214 nm. It was combined with a 6120
Quadrupole LC/MS with Electrospray lonization (ESI) source operating in positive ionization mode in

a m/z range of 200 to 2000. Oligomer analysis was conducted applying a linear gradient of mobile
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phases A and B starting with 100% A and reaching 50% of mobile phase A in 30 min with a flow rate
of 0.4 mL/min. UV and MS signals were analyzed with the OpenLab ChemStation software for LC/MS

from Agilent Technologies.

High resolution —electrospray ionization - mass spectrometry (HR-ESI/MS)
HR-ESI/MS spectra were recorded on an Agilent 6210 (Electrospray lonization) ESI-TOF from Agilent
Technologies (Santa Clara, CA, USA) with a flow rate of 4 uL./min and a spray voltage of 4 kV. The

desolvation gas was set to 15 psi (1 bar).

Matrix-assisted laser desorption ionization- time of flight — mass spectrometry (MALDI-TOF-
MS)

MALDI TOF MS spectra were recorded on a Bruker MALDI-TOF Ultraflex I system using
2,5-dihydroxybenzoic acid (DHB) as matrix in a 10 fold excess compared to the compound. The spectra
were generated in linear mode for a m/z range of 1000-4000 (calibrated with a protein mixture) or in

reflector mode for a m/z range 2000-20000 without calibration.

Lyophilization
The lyophilization was performed with an Alpha 1-4 LD plus instrument from Martin Christ Freeze

Dryers GmbH at -42 °C and 0.1 mbar with an.

Peptide synthesizer
Automated synthesis of oligomeric backbones was performed on a peptide synthesizer from CS Bio
(CS136XT). The batch sizes varied between 0.085 mmol and 0.13 mmol. All protocols for automated

synthesis were written with CSPEPM software from CS Bio.

1.3 General methods

Synthesis of azidoethyl-2,3,4-tri-O-acetyl-o-L-fucopyranoside and azidoethyl-2,3,4,6-tetra-O-acetyl-
o/B-D-galactopyranoside was performed according to literature.!'"*» EDS and TDS building blocks were

synthesized using previously reported protocols.!
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Solid phase polymer synthesis of glycooligomers

Solid phase synthesis of glycooligomers was conducted according to literature.>3! As solid support
commercial available Tentagel S RAM" resin (Rink amide) was used (loading 0.22-0.25 mmol/g). The
detailed batch sizes are described for each compound separately. Glycooligomers 1 and 4 were reported
earlier.?!

The resin was swollen for 1 h at room temperature by shaking with DCM and washing 10 times with
DMF. By alternating Fmoc-deprotection steps and coupling steps the oligomeric backbones were
elongated either in 10 mL filter syringes or automated on a peptide synthesizer. Fmoc deprotection was
realized by shaking 3 times with 5 mL of 25% piperidine in DMF for 10 min and washing 10 times with
DMF afterwards. Coupling was conducted with 5 eq. of corresponding building block (TDS or EDS) in
3 mL DMF mixed with 5 eq. of PyBOP. After adding 10 eq. DIPEA, the mixture was flushed with
nitrogen, added to the resin and shaken for 1.5 h and washed 10 times with DMF afterwards. After
capping of scaffolds with 3 mL acetic anhydride for 15 min twice and washing with 5 times with DMF
and 5 times with DCM the azidated a-L-fucose or D-galactose derivatives were coupled by CuAAC
reaction on solid support. CuA AC was performed by mixing 2 eq. 2-azidoethylpyranoside in 2 mL. DMF
with 50mol% sodium ascorbate (aqueous solution, ¢ = 33 mg/mL) per alkyne group, degassing with
nitrogen and adding to the resin. Afterwards 25mol% CuSOs per alkyne group (aqueous solution,
¢ =20 mg/mL) was degassed and added to the resin. CuAAC proceeded with exclusion of light at RT
for overnight. Azidated carbohydrates were recovered by extraction with ethyl acetate and water. The
resin was washed with sodium diethyldithiocarbamate in DMF (23 mM), water, DMF and DCM.
Carbohydrates were de-acetylated twice by adding 5 mL NaOMe in methanol (0.2 M), shaking for
30 min and washing with DCM (3 times) and methanol (3 times). Cleavage of final glycooligomers was
performed by adding 3 mL 95% TFA (containing 2.5% TIPS and 2.5% DCM) twice for 1.5 h and
precipitation from diethyl ether. Ether was centrifuged, decanted and the solid was dried in nitrogen
stream. It was dissolved in MilliQ-water and lyophilized. Crude product oligomers were purified with
ion exchange resin with 1 g resin per 100 mg oligomer according to literature followed by preparative
RP-HPLC. Completeness of the reaction steps were monitored using microcleavages and analytical

RP-LC/MS.
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2 Glycooligomer analysis

Fuc(3,5)-7 (2)

Compound 2 was synthesized in a batch size of 0.12 mmol. 132 mg (0.06 mmol) of crude product
(295 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 2 was

obtained as lyophilized white powder (51 mg, 0.023 mmol, 38%).

"H NMR (600 MHz, D,0): & = 7.92 (s, 2H, N=N-N-CH), 4.84 (d, °J= 3.8 Hz, 2H , Fuc-H-1), 4.69-
4.62 (m, 4H, N=N-N-CH>), 4.06-4.02 (m, 2H, N=N-N-CH,-CH>), 3.94 (dt, >*J = 10.8, 3.7 Hz, 2H,
N=N-N-CH,-CH,), 3.73 (dd, **J = 10.3, 3.8 Hz, 2H, Fuc-H-2), 3.70-3.67 (m, 22H, O-CH>-CH.-O,
Fuc-H-3), 3.64-3.60 (m, 22H, CH,-O-(CH2),-O-CH>, Fuc-H-4), 3.50-3.45 (m, 8H, N-CH>-CH,-NH),
3.41-3.33 (m, 28H, O=C-NH-CH>), 3.09 (q, *J = 6.6 Hz, 2H, Fuc-H-5), 3.00 (t, *J= 7.3 Hz, 4H, N-N=N-
C-CH-), 2.79 (t,°J = 7.3 Hz, 4H, N-N=N-C-CH,-CH>), 2.57-2.46 (m, 28H, O=C-CH>-CH,-C=0), 2.00
(s, 3H, O=C-CH5), 1.04 (d, °J = 6.6 Hz, 6H, Fuc-H-6). MALDI TOF MS: m/z calcd for CosHi163N23037
[M+Na]" 2230.46; found 2229.2. HR-ESI/MS: m/z calcd for CosHi63N23037 (monoisotopic mass
2206.1580): [M+3H]*" 736.3933, found 736.3941. RP-HPLC: (gradient from 100% to 50% eluent A in

30 min, 25°C): tr = 12.1 min, determined purity 98%.
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Figure S1: 'H NMR (600 MHz, D,0) spectrum of Fuc(3,5)-7 (2).
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Figure S2: RP-HPLC spectrum of Fuc(3,5)-7 (2).
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Figure S3: HR/ESI-MS spectrum of Fuc(3,5)-7 (2).
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Figure S4: MALDI TOF MS spectrum of Fuc(3,5)-7 (2).

Fuc(2,4,6)-7 3)

HO! Q HO"Q
HO O HO O
N N
I N | N
N N
o, ° o,

Compound 3 was synthesized in a batch size of 0.1 mmol. 116 mg (0.047 mmol) of crude product
(272 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 3 was

obtained as lyophilized white powder (54 mg, 0.022 mmol, 47%).

"H NMR (600 MHz, D>0): & = 7.92 (s, 3H, N=N-N-CH), 4.84 (d, *J = 3.8 Hz, 3H , Fuc-H-1), 4.69-
4.62 (m, 6H, N=N-N-CH,), 4.06-4.02 (m, 3H, N=N-N-CH,-CH>), 3.94 (dt, >*J=10.8, 3.7 Hz, 3H, N=N-
N-CH,-CH>), 3.73 (dd, *3J = 10.3, 3.8 Hz, 3H, Fuc-H-2), 3.69-3.66 (m, 19H, O-CH,-CH.-O, Fuc-H-3),
3.63-3.60 (m, 19H, CH>-O-(CH2),-O-CH:, Fuc-H-4), 3.50-3.45 (m, 12H, N-CH>-CH>-NH), 3.40-3.33
(m, 28H, O=C-NH-CH>), 3.09 (q, *J = 6.6 Hz, 3H, Fuc-H-5), 3.00 (t, °*J = 7.3 Hz, 6H, N-N=N-C-CH,),
2.79 (t, 3J = 7.3 Hz, 6H, N-N=N-C-CH»-CH>), 2.56-2.46 (m, 28H, O=C-CH,-CH,-C=0), 2.00 (s, 3H,
0=C-CHj3), 1.04 (d, °J = 6.6 Hz, 9H, Fuc-H-6). MALDI TOF MS: m/z calcd for CiosHi70N2704/Na
[M+Na]" 2497.27, found 2497.39. HR-ESI/MS: m/z calcd for CiosH179N2704; (monoisotopic mass
2474.2752): [M+3H]** 825.7657, found 825.7669. RP-HPLC: (gradient from 100% to 50% eluent A in

30 min, 25°C): tg = 11.8 min, determined purity 99%.
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Figure S7: HR/ESI-MS spectrum of Fuc(2,4,6)-7 (3).
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Figure S8: MALDI TOF MS spectrum of Fuc(2,4,6)-7 (3).
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Compound 5 was synthesized in a batch size of 0.1 mmol. The crude product (284 mg, 0.093 mmol)
was purified by ion exchange resin and preparative RP-HPLC. 137 mg (0.045 mmol, 48%) of purified

product 5 was obtained as lyophilized white powder.

"H NMR (600 MHz, D,0): & = 7.91 (s, 6H, N=N-N-CH), 4.84 (d, *J = 3.7 Hz, 6H, Fuc-H-1), 4.68-
4.61 (m, 12H, N=N-N-CH>), 4.05-4.01 (m, 6H, N=N-N-CH,-CH>), 3.95-3.92 (m, 6H, N=N-N-CH,-
CH>), 3.73 (dd, **J=10.3, 3.8 Hz, 6H, Fuc-H-2), 3.67 (dd, **J=10.3, 3.3 Hz, 6H, Fuc-H-3), 3.63-3.62
(m, 6H, Fuc-H-4), 3.48-3.44 (m, 24H, N-CH,-CH>-NH), 3.37-3.31 (m, 24H, O=C-NH-CH:), 3.08 (q,
3J = 6.6 Hz, 6H, Fuc-H-5), 3.00-2.97 (m, 12H, N-N=N-C-CH), 2.80-2.76 (m, 12H, N-N=N-C-CH-
CH>), 2.54-2.42 (m, 24H, O=C-CH,-CH>-C=0), 1.94, 1.92 (s, s, 3H, O=C-CHj3), 1.03 (d, *J = 6.6 Hz,
18H, Fuc-H-6). MALDI TOF MS: m/z calcd for Ci25H2090N37049Na [M+Na]* 3071.50, found 3071.52;
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[M+K]" 3087.50, found 3087.5. HR-ESI/MS: m/z calcd for Ci2sH213N37049 (monoisotopic mass

3048.5000): [M+4H]* 763.1323, found 763.1325. RP-HPLC: (gradient from 100% to 50% A in 30 min,

25°C): tr = 10.9 min, determined purity 99%.
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Figure S9: '"H NMR (300 MHz, D,0) spectrum of Fuc(1,2,3,4,5,6)-6 (5).
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Figure S10: RP-HPLC spectrum of Fuc(1,2,3.,4,5,6)-6 (5).
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Figure S11: HR/ESI-MS spectrum of Fuc(1,2,3,4,5,6)-6 (5).
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Figure S12: MALDI TOF MS spectrum of Fuc(1,2,3,4,5,6)-6 (5).
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Compound 6 was synthesized in a batch size of 0.1 mmol. 256 mg (0.103 mmol) of crude product
(288 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 6 was

obtained as lyophilized white powder (77 mg, 0.031 mmol, 30%).

'H NMR (600 MHz, D,0): & = 7.92 (s, 3H, N=N-N-CH), 4.84 (d, °J = 3.8 Hz, 3H , Fuc-H-1), 4.69-
4.62 (m, 6H, N=N-N-CH>), 4.06-4.02 (m, 3H, N=N-N-CH,-CH>), 3.94 (dt, >*J=10.7, 3.6 Hz, 3H, N=N-
N-CH,-CH>), 3.73 (dd, **J=10.3, 3.8 Hz, 3H, Fuc-H-2), 3.69-3.66 (m, 19H, O-CH,-CH.-0, Fuc-H-3),
3.63-3.60 (m, 19H, CH>-O-(CH:),-O-CH>, Fuc-H-4), 3.50-3.45 (m, 12H, N-CH,-CH>-NH), 3.39-3.32
(m, 29H, O=C-NH-CH>), 3.09 (q, *J = 6.5 Hz, 3H, Fuc-H-5), 3.00 (t, >*J = 7.2 Hz, 6H, N-N=N-C-CH>),
2.81-2.78 (m, 6H, N-N=N-C-CH:-CH>), 2.54-2.47 (m, 28H, O=C-CH,-CH>-C=0), 1.94, 1.93 (s, s, 3H,
0=C-CH;), 1.04 (d, *J = 6.6 Hz, 9H, Fuc-H-6). MALDI TOF MS: m/z caled for CiosHi70N27041Na
[M+Na]" 2497.28, found 2497.3. HR-ESI/MS: m/z calcd for CiosHi79N27041 (monoisotopic mass
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2474.2752): [M+3H]*" 825.7657, found 825.7660. RP-HPLC: (gradient from 100% to 50% eluent A in

30 min, 25°C): tg = 11.9 min, determined purity 98%.
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Figure S13: 'H NMR (600 MHz, D,0) spectrum of Fuc(1,4,7)-7 (6).
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Figure S14: RP-HPLC spectrum of Fuc(1,4,7)-7 (6).
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Figure S15: HR/ESI-MS spectrum of Fuc(1,4,7)-7 (6).
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Figure S16: MALDI TOF MS spectrum of Fuc(1,4,7)-7 (6).

Fuc(1,5,9)-9 (7)

Ho, = HO
Ho...Q HO 0
HO O o o
N N
| N | N
N N
o ° " o " " o o) ° o
”sz/\)LN/\/N\/\N N o~ O~y LN N0 oSN N/\/N\/\NJ\
I H H I H ] ) H I H H
3 o 3
N\
| °N
N\_\
HO ©

Compound 7 was synthesized in a batch size of 0.085 mmol. 74 mg (0.025 mmol) of crude product
(246 mg) were purified by ion exchange resin and preparative RP-HPLC. The purified product 7 was

obtained as lyophilized white powder (60 mg, 0.020 mmol, 80%).

'H NMR (300 MHz, D,0): & = 7.91 (s, 3H, N=N-N-CH), 4.84 (d, 3J = 3.5 Hz, 3H, Fuc-H-1), 4.67-
4.63 (m, 6H, N=N-N-CH>), 4.07-4.00 (m, 3H, N=N-N-CH,-CH?), 3.96-3.90 (m, 3H, N=N-N-CH,-CH.),
3.75-3.66-3.60 (m, S9H, O-CH,-CH,-0, Fuc-H-2, Fuc-H-3, CH>-O-(CH,),-O-CH, Fuc-H-4), 3.51-3.34
(m, 49H, N-CH,-CH,-NH, O=C-NH-CH>), 3.08 (q, *J = 6.8 Hz, 3H, Fuc-H-5), 3.00 (t, >J= 7.1 Hz, 6H,
N-N=N-C-CH>), 2.79 (t, 3J = 7.2 Hz, 6H, N-N=N-C-CH,-CH>), 2.54-2.48 (m, 36H, O=C-CH,-CH-
C=0), 2.23 (s, 6H, 0=C-CH), 1.94, 1.93 (s, s, 3H, O=C-CHj), 1.03 (d, *J = 6.6 Hz, 9H, Fuc-H-6).

MALDI TOF MS: m/z calcd for Ci2sHz15N3104Na [M+Na]* 2957.5, found 2957.5. HR-ESI/MS: m/z
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calcd for Ci25H215N31049 (monoisotopic mass 2934.5285): [M+4H]*" 734.6394, found 734.6394. RP-

HPLC: (gradient from 100% to 50% eluent A in 30 min, 25°C): tg = 12.3 min, determined purity 99%.
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Figure S17: '"H NMR (600 MHz, D,0) spectrum of Fuc(1,5,9)-9 (7).
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Figure S18: RP-HPLC spectrum of Fuc(1,5,9)-9 (7).
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Figure S19: HR/ESI-MS spectrum of Fuc(1,5,9)-9 (7).
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Figure S20: MALDI TOF MS spectrum of Fuc(1,5,9)-9 (7).

Gal(3,5)-7 (8)

Compound 8 was synthesized in a batch size of 0.176 mmol. 134 mg (0.060 mmol) of crude product
(321 mg) was purified by ion exchange resin and preparative RP-HPLC. 76 mg (0.034 mmol, 57%) of

purified product 8 was obtained as lyophilized white powder.

'H NMR (600 MHz, D,0): & = 7.90 (s, 1.5H, N=N-N-CH), 7.87 (s, 0.4H, N=N-N-CH), 4.93 (d,
3J=1.3 Hz, 0.5H, a-Gal-H-1), 4.65 (t, >*J = 5.1 Hz, 3H, N=N-N-CH>), 4.62 (t, *J = 5.1 Hz, 1H, N=N-N-
CH>),4.37 (d,3J=7.9 Hz, 1.6H, B-Gal-H-1), 4.31-4.27 (m, 1.6H, N=N-N-CH»-CH>), 4.11-4.07 (m, 2H,
N=N-N-CH-CH>), 4.03-4.00 (m, 0.8 H, N=N-N-CH,-CH>), 3.98-3.95 (m, 0.5H, N=N-N-CH,-CH>),
3.91 (d,*J=3.3 Hz, 1.6 H, B-Gal-H-2), 3.80-3.60 (m, 50H, 0-Gal-H-2, Gal-H-3,-H4,-H-5,-H-6, O-CH>-
CH>-0, CH,-O-(CHx),-O-CH>), 3.51-3.45 (m, 10H, N-CH>-CH»-NH, Gal-H-6), 3.41-3.33 (m, 28H,
0=C-NH-CH>), 3.00 (t,°J=7.2 Hz, 4H, N-N=N-C-CH>), 2.97 (t, *J = 7.3 Hz, 4H, N-N=N-C-CH,-CH,),
2.56-2.46 (m, 28H, O=C-CH,-CH>-C=0), 2.00 (s, 3H, O=C-CH3s). MALDI TOF MS: m/z calcd for
CosH163N23030Na  [M+Na]" 2261.1, found 2261.1. HR-ESUMS: m/z calcd for CosHi6N23039
(monoisotopic mass 2238.1497): [M+3H]** 747.0566, found 747.0573. RP-HPLC: (gradient from 100%

to 50% eluent A in 30 min, 25°C): tg = 11.5 min, 11.7 min, determined purity 99%.
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Figure S21: 'H NMR (300 MHz, D,0) spectrum of Gal(3,5)-7 (8).
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Figure S22: RP-HPLC spectrum of Gal(3,5)-7 (8).
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Figure S23: HR/ESI-MS spectrum of Gal(3,5)-7 (8).
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Figure S24: MALDI TOF MS spectrum of Gal(3,5)-7 (8).

3 Surface plasmon resonance spectroscopy (SPR)

Table S1: ICsy values and relative inhibitory potencies (RIP) from SPR measurements.

Glycooligomer n? ICso [nM]® RIP® RIP/n%¢
MeFuc 1 381 +47 1 1
1 1 130+ 12 2.9 2.9
2 2 65+ 6 5.9 2.9
3 3 36+6 10.6 3.5
4 4 365 10.6 2.6
5 6 22 +£3 17.3 2.9
MeFuc 1 397+ 103 1 1
3 3 51+5 7.8 2.6
6 3 57T+6 7.0 2.3
7 3 66+ 6 6.0 2.0

“Number of fucose units on the oligomeric backbone. ’ICsy values determined by three independent
measurements with standard error of the mean value (SEM). Relative inhibitory potencies based on
MeFuc, RIP = ICsy (MeFuc)/ICso (glycooligomer). “Relative inhibitory potency per fucose unit of
oligomer (RIP/n).
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Figure S25: 4-cycle test measurement with LecB (200 nM) and buffer run (3x)

3.1 Sensograms and evaluated binding curves from SPR

In following section raw data of SPR multicycle measurements are shown for each ligand separately.
One inhibition competition assay for a specific ligand usually included: two startup cycles of Tris buffer
(cycle 1 and 2), the series of incubated LecB (200 nM) with increasing amount of ligand dilutions
(usually cycles 3-11), a solution of LecB only (200 nM) in Tris buffer (cycle 12), one duplicate
measurement of a LecB-ligand complex (cycle 13), a solution of ligand only (maximal ligand conc.) in

Tris buffer (cycle 14).
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Figure S26: Raw data of three independent measurements (M1-M3) with Fuc(4)-7 (1) (1800 nM,
600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding

evaluated binding at 165 sec (B) from first experiment.
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Figure S27: Raw data of three independent measurements (M 1-M3) with Fuc(3,5)-7 (2) (1800 nM,
600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding

evaluated binding at 165 sec (B) from first experiment.
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Figure S28: Raw data of three independent measurements (M1-M3) with Fuc(2,4,6)-7 (3) (1800 nM,
600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding

evaluated binding at 165 sec (B) from first experiment.
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Figure S29: Raw data of three independent measurements (M1-M3) with Fuc(1,3,5,7)-7 (4) (600 nM,
200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM, 0.28 nM) (A) and corresponding

evaluated binding at 165 sec (B) from first experiment.
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Figure S30: Raw data of three independent measurements (M1-M3) with Fuc(1,2,3,4,5,6)-6 (5)
(600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM, 0.28 nM) (A) and

corresponding evaluated binding at 165 sec (B) from first experiment.
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\Figure S31: Raw data of three independent measurements (M1-M3) with Gal(3,5)-7 (8) (1800 nM,
600 nM, 200 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding evaluated

binding at 165 sec (B) from first experiment.
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Figure S32: Raw data of three independent measurements (M1-M3) with methylfucose (10.0 uM,
3.33 uM, 1.11 uM, 370 nM, 123 nM, 41 nM, 14 nM, 4.6 nM, 1.5 nM) (A) and corresponding evaluated

binding at 165 sec (B) from first experiment.

2

RU at 165 sec

600 800
time (s)

0 200 400

0-

1000 1200 1400

RU at 165 sec

1 (M2)

204 g .
= —

100+

0 200 400
2-
20
18
164
14
124
10
B,
6
4
2,

600 800
time (s)

1000 1200 1400

RU at 165 sec

20+

o

A
T T
0 200 400

660 800
time (s)

10'00 12’00 14‘00

04— T T T T
4 6 8

0
Control
cycle

experiments

10 1

2 14 16
: Control

experiments

Control
experiments

cycle

14 16
Control
experiments

0 2
Control
experiments

cycle

14 16
Control
experiments

Figure S33: Raw data of three independent measurements (M1-M3) with Fuc(2,4,6)-7 (3) (1800 nM,
600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding

evaluated binding at 165 sec (B) from second experiment.
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Figure S34: Raw data of three independent measurements (M1-M3) with Fuc(1,4,7)-7 (6) (1800 nM,
600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding

evaluated binding at 165 sec (B) from second experiment.
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Figure S35: Raw data of three independent measurements (M1-M3) with Fuc(1,5,9)-9 (7) (1800 nM,
600 nM, 200 nM, 100 nM, 66.66 nM, 22.22 nM, 7.41 nM, 2.47 nM, 0.82 nM) (A) and corresponding

evaluated binding at 165 sec (B) from second experiment.
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Figure S36: Raw data of three independent measurements (M1-M3) with methylfucose (10.0 uM,
3.33 uM, 1.11 uM, 370 nM, 123 nM, 41 nM, 14 nM, 4.6 nM, 1.5 nM) (A) and corresponding evaluated

binding at 165 sec (B) from second experiment.

3.2 ICs curves of independent SPR measurements
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Figure S37: 1Cso curves of triplicate measurements (M1-M3) from experiment 1, evaluating influence

of valency.
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Figure S40: Final ICso curves of mean values from experiment 2, evaluating influence of fucose spacing.

4. Modified Enzyme Linked Lectin Assay (mELLA)
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Figure S41: Saturation curve of LecB obtained by mELLA. Microtiter plate with fucosylated surface
was incubated with 0.13-1000 ng/mL LecB followed by washing of unbound LecB and quantification
of bound LecB with anti-LecB antiserum. Inset show enlarged linear part of the saturation curve. The

results are mean =+ standard deviation of three experiments each performed with three samples.
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Figure S42: Stability of fucosylated solid surface in presence of the inhibitors. Microtiterplate was
coated with FPA as described above and binding of LecB (15 ng/mL) to the FPA-plate was tested after
incubation (1 h, 37°C) with 1.2 — 33 uM inhibitor.
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Figure S43: Competitive inhibitory effect of fucosylated glycooligomers and o-L-methylfucose on
LecB binding to a-L-fucose-PAA-biotin was tested by mELLA assay. Sigmoidal curves represent

averaged three independent experiments performed in triplicates.
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Table S2: ICsy values and relative inhibitory potencies (RIP) of MeFuc and glycooligomers 1-7
determined by mELLA.

Glycooligomer n? 1Cso [uM]? RIP¢ RIP/n%4
MeFuc 1 3.21+£0.21 1.0 1.0
1 1 4.41+0.49 0.7 0.7
2 2 2.29+0.33 1.4 0.7
3 3 0.61 £0.06 5.3 1.8
4 4 0.10+£0.01 31.4 7.9
5 6 0.11+£0.02 28.6 4.8
6 3 0.13+0.01 24.1 8.0
7 3 0.18 £0.01 17.6 5.9

“Number of fucose units on the oligomeric backbone. °ICsy values determined by three independent
measurements with standard error of the mean value (SEM). °Relative inhibitory potencies based on
MeFuc, RIP = ICso (MeFuc)/ICsy (glycooligomer). ‘Relative inhibitory potency per fucose unit of
oligomer (RIP/n).

3,54

Luminiscence A.U./10°
— (3]
— W o W w

o
[

Phosphate buffer LecB LecB with ImM Gal
(3,5)-7

Figure S44: Effect of galactose functionalized glycooligomer (8) onto binding of LecB measured with
mELLA. The sample without any LecB (phosphate buffer) represent the blank. The absolute
luminescence value for LecB incubated with Gal(3,5)-7 (8) inhibitor was comparable with the value for

LecB without added inhibitor (LecB). Results are mean + standard errors of three measurements.
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4.1 1Cso curves of mELLA assays
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Figure S45: ICso curves and corresponding ICso values of three mELLA measurements (triplicates) with
Fuc(4)-7 (1).
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Figure S46: ICso curves and corresponding ICso values of three mELLA measurements (triplicates) with
Fuc(3,5)-7 (2).
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Figure S47: I1Cso curves and corresponding ICso values of three mELLA measurements (triplicates) with
Fuc(2,4,6)-7 (3).
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Figure S48: I1Cso curves and corresponding ICso values of three mELLA measurements (triplicates) with
Fuc(1,3,5,7)-7 (4).
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Figure S51: ICso curves and corresponding ICso values of three mELLA measurements (triplicates) with
Fuc(1,5,9)-9 (7).
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Design and synthesis of iso-DTDS, synthesis of EDS and of alpha-functionalized carbohydrate ligands
except azido-2,3,6,2°,3°4’,6'-hepta-O-acetyl-B-D-lactose (15) and step 1-2 of 2-azidoethyl-2,3,4,6-
tetra-O-acetyl-a-D-galactopyranoside (14c) (2-Bromoethyl-a/B-D-galactopyranoside (14a) and
2-bromoethyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (14b)). Synthesis of all glycooligomers.
Characterization of all compounds by conducting HPLC-MS measurements and analyzing results of
NMR, MALDI-TOF-MS and HR-ESI-MS, performance and analysis of SPR experiments, collaborative

writing of manuscript.

Reproduced with permission from K. S. Blicher, P. B. Konietzny, N. L. Snyder, L. Hartmann,
Heteromultivalent glycooligomers as mimetics of blood group antigens, Chem. Eur. J. 2019, 25 (13),
3301-3309. Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Heteromultivalent Glycooligomers as Mimetics of Blood Group

Antigens

Katharina S. Biicher,” Patrick B. Konietzny, Nicole L. Snyder,” and Laura Hartmann*®

(Abstract: Precision glycomacromolecules have proven to be
important tools for the investigation of multivalent carbohy-
drate-lectin interactions by presenting multiple glycan epi-
topes on a highly-defined synthetic scaffold. Herein, we
present a new strategy for the versatile assembly of hetero-
multivalent glycomacromolecules that contain different car-
bohydrate motifs in proximity within the side chains. A new
building block suitable for the solid-phase polymer synthesis
of precision glycomacromolecules was developed with a

-

branching point in the side chain that bears a free alkyne
and a TIPS-protected alkyne moiety, which enables the sub-
sequent attachment of different carbohydrate motifs by on-
resin copper-mediated azide-alkyne cycloaddition reactions.
Applying this synthetic strategy, heteromultivalent glycoo-
ligomers presenting fragments of histo-blood group anti-
gens and human milk oligosaccharides were synthesized
and tested for their binding behavior towards bacterial
lectin LecB.

/

Introduction

Glycoconjugates are ubiquitous in nature and are important
components of the extracellular matrix and glycocalyx, a dense
layer of carbohydrate-based molecules on the cell surface.
Their specific interactions with carbohydrate recognition recep-
tors, such as lectins, play important roles in many biochemical
processes, " including cell-cell communication, immune re-
sponse, fertilization, cell migration,”® and cancer metastasis.**
Furthermore, they are known to mediate interactions with
pathogens®™® such as viruses and bacteria that engage specific
carbohydrates within the glycocalyx to attach, enter, and infect
these cells. In particular, histo-blood group antigens (HBGAs),
including ABO blood groups and Lewis antigens, represent im-
portant target structures for many pathogenic lectins.” While
there are still many open questions concerning the biological
function and role of HBGAs, such as their specificity towards
selected pathogens, it has already been shown that glycomi-
metic structures®™ can be used as suitable model compounds
to study the role of HBGAs, which in turn, may be used to de-
velop new inhibitors for use in antibacterial or antiviral treat-
ment.”’
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In principle, glycomimetic structures of HBGAs are built from
a specific epitope fragment of the HBGA; in the simplest case,
a fucose unit is presented in a multivalent fashion on a syn-
thetic scaffold."” There are numerous reports of glycosylated
macromolecular scaffolds and their binding interactions with
pathogen-related lectins, such as LecB from Pseudomonas aeru-
ginosa.""'? However, the question remains as to how the affin-
ity and selectivity of HBGA mimetics might be altered by in-
cluding not only one but several different glycan fragments
that imitate more closely the natural ligand’s heterofunctional
structure.> ' Indeed, it has been shown that the combination
of different carbohydrate moieties in heterofunctional glyco-
conjugates and glycomimetic structures strongly affects their
recognition process.'® Therefore, we introduce here a new
strategy towards obtaining glycomimetic ligands by using an
oligo(amidoamine) scaffold with sequence-controlled divalent
heterofunctional glycan side chains that are based on different
fragments of HBGA and human milk oligosaccharide (HMO) li-
gands.

Previously, we reported the synthesis of sequence-controlled
glycooligo(amidoamines), the so-called precision glycomacro-
molecules, and their use as multivalent glycomimetic [i-
gands."” In short, tailor-made building blocks were assembled
in a stepwise fashion on a solid support to introduce function-
al moieties in the side chains at defined positions within the
scaffold that enabled the attachment of different carbohydrate
ligands. The straightforward exchange of building blocks
during synthesis provided us with access to a library of glyco-
macromolecules that varied by, for example, the number and
position of carbohydrates, the overall length or architecture of
the scaffold, the nature of the linkage between the carbohy-
drate and the scaffold and/or main-chain motifs."®'%! Further-
more, we developed different methods to obtain heteromulti-
valent glycomacromolecules by using orthogonal coupling

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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strategies or throughthe sequential introduction of ligands
during scaffold assembly.”" Copper-mediated azide-alkyne cy-
cloaddition (CUAAC) proved to be an important tool for the in-
troduction of carbohydrate ligands, both for homo- and heter-
omultivalent glycomacromolecules, yielding highly efficient
coupling directly on solid support. The required alkyne and
azido functional groups can be placed either on the building
block, such as TDS (triple bond diethylenetriamine succinyl; 1-
(fluorenyl)-3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10-triazatetra-
decan-14-oic acid)""” or BADS (p-(azidomethyl)benzoyl diethyle-
netriamine succinyl),"” or on the carbohydrate ligand. In this
study, we extended this approach by introducing a new build-
ing block that contained two alkyne groups (one free and one
protected) that allowed for the controlled introduction of dif-
ferent carbohydrates by using CUAAC. After coupling of a first
carbohydrate ligand using the free alkyne, the second, protect-
ed alkyne moiety was deprotected and conjugated with a
second carbohydrate ligand by using the same reaction condi-
tions (Scheme 1).

Results and Discussion
Building block synthesis: iso-DTDS (7)

To mimic the heteromultivalent presentation of neighboring
monosaccharide motifs in branched oligosaccharide structures
more closely, a new building block iso-DTDS (iso-di-triple-bond
diethylenetriamine succinic acid) (7) was developed. iso-DTDS
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is based on a previously established key intermediate:"”*” a di-
ethylenetriamine with asymmetrically protected primary amine
groups (Scheme 2) that allows for the introduction of function-
al side chains at the central secondary amine position. For iso-
DTDS, the functional side chain exhibits a rigid phenylene
linker as a branching point with two acetylene units, one of
which is protected with a TIPS (triisopropylsilyl) group
(Scheme 1). TIPS was selected because it is a well-established
alkyne protecting group that can be selectively cleaved on
solid support,*? and allows for sequential CuAAC-based func-
tionalization in the presence of another alkyne, in this case
with azido functionalized carbohydrates.

Scheme 2 depicts the synthesis of iso-DTDS, and begins with
compound 1, in accordance to literature protocols,” from
asymmetrically meta-halogenized benzoic acid 1a (see the
Supporting Information for synthesis details). After methyl pro-
tection of the acid group to give compound 1b, thermoselec-
tive double Sonogashira reactions were conducted using a
Pd[P(Phs)],/Cul catalytic system: initial substitution of the TIPS
acetylene at C3 on the benzene ring (compound 1c) was fol-
lowed by trimethylsilyl(TMS)acetylene substitution at the C5
position. The resultant compound 1d was then treated with
KOH in THF to remove the TMS group and the methyl protect-
ing groups simultaneously to give compound 1 in 71% overall
yield.

The synthesis of iso-DTDS is based on previous reports for
key intermediate 2 (trityl- and TFA-protected diethylenetria-
mine).'”? Compound 1 was coupled to the free secondary

Deprotection 2. CuAAC

Scheme 1. Introduction of a new building block during solid-phase polymer synthesis provides for the asymmetrical conjugation of ligands by coupling a car-
bohydrate ligand to the free alkyne by using CuAAC (e.g., fucose in red) followed by deprotection of the second alkyne moiety and coupling of a second car-

bohydrate ligand (e.g., GalNAc in blue).
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Scheme 2. Synthetic route for new building block iso-DTDS 7, which combines precursor 1% and key intermediate 2.""2"
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amine of compound 2 by using PyBOP (benzotriazol-1-yl-oxy-
tripyrrolidinophosphonium hexafluorophosphate) and DIPEA
(N,N-diisopropylethylamine). The resulting intermediate 3 was
treated with TFA and triethylsilane (TES) as a scavenger to
cleave the trityl protecting group providing a mixture of com-
pound 4 and triphenylmethane. Crude product 4 was used in
the next reaction step without further purification. The C-ter-
minal carboxylic acid group was introduced using succinic an-
hydride. Compound 5 was isolated by precipitation into aque-
ous citric acid solution. In the next step, the TFA-protecting
group was removed. As previously described by Baier etal., a
rearrangement can occur during this step.'” Formation of the
primary amine and the rearrangement product was monitored
by LC-MS (see the Supporting Information). Running the reac-
tion at 60°C for 8 h followed by stirring at room temperature
for 16 h afforded only isomerized product 6 with minor impuri-
ties from the TIPS-cleaved side product. After removal of the
solvent, crude product 6 was treated with Fmoc chloride,
which yielded the final iso-DTDS building block 7 after purifica-
tion. iso-DTDS was obtained in 40% overall yield from com-
pound 2 and 98% purity, as determined by integration of UV
signals in RP(reversed-phase)-HPLC (see the Supporting Infor-
mation). 'HNMR spectra of iso-DTDS were recorded in
[DgIDMSO and [D,JMeOH (Figure 1; see the Supporting Infor-
mation). In [Dg]DMSO, the characteristic amide protons of iso-
merized building block 7 were observed at 6=8.77 and
7.90 ppm as well as the carboxylic acid proton at 6=
12.01 ppm (Figure TA). Unfortunately, the broad solvent peak
at 0=3.38 ppm complicates the analysis of the methylene pro-
tons of iso-DTDS (see the Supporting Information). Therefore,
additional analysis was performed in [D,JMeOH (Figure 1B). As
a result, signals for the TIPS protecting group at 6 =1.12 ppm
and the Fmoc protecting group between 6 =7.0-8.0 ppm for
aromatic protons and 6 =4.39 and 4.16 ppm for aliphatic pro-

(A) (B)

NH

NH

COOH

o
a
(=]

125 120 105 110 105 100 95 90 85 80 75 70
1 (ppm)
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tons were clearly visible in the '"H NMR spectrum (for detailed
analysis, see the Supporting Information).

Synthesis of glycooligomers

Syntheses of precision glycooligo(amidoamines) were per-
formed by applying previously reported procedures of Fmoc-
based solid-phase polymer synthesis."” iso-DTDS was com-
bined with the previously established ethylenedioxy-bis(ethyla-
mine) succinyl building block (EDS)"” by using PyBOP as a cou-
pling reagent (Scheme 3). Coupling efficiency of iso-DTDS was
evaluated by Fmoc quantification that was based on UV/Vis
measurements of the cleavage solution for test sequence
(EDS-iso-DTDS-EDS) for both single and double coupling with
5 and 3 equivalents of building block, respectively. Coupling ef-
ficiencies for the introduction of iso-DTDS were about 86 % for
the single coupling and 95% for the double coupling. The use
of alternative coupling reagents did not improve the coupling
efficiency: coupling with DIC and HATU showed 21 and 80%
product formation, respectively, for a single coupling (PyBOP:
86%). EDS building block coupling onto the iso-DTDS chain
end yielded 96 % efficiency under standard coupling conditions
(see the Supporting Information), which shows that chain elon-
gation is successful after introduction of iso-DTDS. On the
basis of these results, further glycooligo(amidoamines) were
synthesized by using standard coupling conditions for EDS
(see the Supporting Information) and double coupling for iso-
DTDS (3 equiv of building block and PyBOP with 30 equiv of
DIPEA in DMF for 1.5 h).

Scheme 3 shows the solid-phase synthesis of heteromultiva-
lent glycooligomers using iso-DTDS. After assembly of the oli-
gomer backbone and acetylation of the final amine group, car-
bohydrate ligands were conjugated to the iso-DTDS side chain.
As a first step for all glycooligomers, acetylated o-L-fucopyra-

CD,HOD

305 " 2.95%

T T T m T T T T T T T T T T
+0 13.5 13.0 125 120 11.5 11.0 105 100 95 90 85 80 75 7.0
1 (ppm)
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Figure 1. 'H NMR spectra of iso-DTDS: A) excerpt of spectrum in [DgJDMSO; B) full spectrum in [D,]JMeOH.
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Scheme 3. Strategy for the synthesis of heteromultivalent glycooligomers by applying iso-DTDS; the introduction of different carbohydrate units by consecu-

tive CUAAC on solid support.

nosylazide (8¢, Fuc) was coupled in accordance with previously
established CuAAC conditions. After removing excess reagents
by successive washing, the TIPS-protecting group was cleaved
with TBAF in DMF.”¥ The corresponding glycooligomer could
then be subjected to a second CuAAC reaction with another
azido-functionalized carbohydrate derivative (e.g., GaINAc (9¢),
Gal (10¢), Lac (11), or Sia (12)). In the final step, carbohydrate
side chains were deacetylated on resin, and the crude final gly-
cooligomers were cleaved off the resin under acidic conditions
and isolated by precipitation and lyophilization.

Following this protocol, a first generation of homo- and het-
eromultivalent glycooligomers that introduce two iso-DTDS
building blocks and thereby four carbohydrate ligands were
synthesized (Figure 2). In total, six glycooligomers were synthe-
sized by using a scaffold with the sequence EDS-iso-DTDS-
EDS-EDS-iso-DTDS-EDS. We first introduced Fuc, a common
monosaccharide motif found in different HBGAs, through
CuAAC conjugation to the unprotected alkyne on the side
chains of the DTDS. The corresponding glycooligomer was
then split into four batches and further functionalized with
either a GalNAc, Gal, Lac, or Sia residue after TIPS deprotection
to generate glycooligomers 13-16 (Figure 2). In addition, a ho-
momultivalent all-Fuc glycooligomer 17 and an all-Gal glycoo-
ligomer 18 were synthesized for comparison in later binding
studies. The aromatic unit in the glycomimetic structures was
installed with the aim of mimicking the branching sugar unit
in the natural trisaccharide.An additional ethyl linker was intro-
duced via the functionalized monosaccharides in an effort to
balance the rigidity of the aromatic branching unit.
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Figure 2. Hetero- and homomultivalent glycooligomer structures as HBGA

and HMO mimicry.
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Nomenclature of glycooligomers follows previously intro-
duced systematics: the carbohydrates attached to a single
branching unit (iso-DTDS) are written in brackets (eg.,
(Fuc,Gal)) followed by the position of iso-DTDS within the oli-
gomer chain and the overall chain length, as given by the total
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number of building blocks; for example, (Fuc,Gal)[2,5]-6 for
glycooligomer 14.

Crude glycooligomers were directly analyzed by RP-HPLC/
MS (see the Supporting Information) after cleavage off the
resin. The results demonstrate that the glycooligomers are syn-
thesized in good purity (72-85%). Nevertheless, all structures
were further purified by using an ion-exchange resin and semi-
preparative RP-HPLC to give the final structures in high purities
(>99%) (see the Supporting Information). Glycooligomer 16,
which contained two Sia ligands, was isolated bearing a
methyl protecting group (16-Me). After purification, glycoo-
ligomer 16-Me was subjected to cleavage of the methyl group
to give glycooligomer 16 (Table 1). Final analysis of glycoo-
ligomer structures was performed by 'HNMR, RP-HPLC/MS,
HRMS (ESI), and MALDI-TOF MS (see the Supporting Informa-
tion).
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contained either fucose (PAA-Fuc) as a positive control or gal-
actose (PAA-Gal) as a negative control at the reference cell.
Glycooligomers were preincubated for 1 h at different concen-
trations with LecB (200nm) in TRIS-buffer, and the ligand/LecB
complex was injected into the SPR sensor chip. Inhibitory po-
tencies of glycooligomers were measured as the reduction of
LecB adhesion to the fucosylated sensor chip surface with in-
creasing amounts of glycooligomer. a-L-Methylfucose (MeFuc)
was measured as a reference compound. Galactosylated oligo-
mer 18 was used as a negative control, whereas homomultiva-
lent fucosylated oligomer 17 served as a positive control for
comparison of the effect of heteromultivalency in the HBGA
mimetics 13-16. Negative control glycooligomer 18 showed
no binding to LecB (see the Supporting Information). Table 2
shows the results of the inhibition competition assay of glyco-
oligomers 13-17 and a-L-methylfucose.

Lectin binding studies of heteromultivalent glycooligomers
towards LecB

After the successful synthesis of the first generation of hetero-
multivalent glycooligomers that imitate fragments of HBGAs,
we investigated their potential to act as HBGA mimetics by
studying their binding behavior towards LecB from Pseudomo-
nas aeruginosa. It is well known that LecB binds to different
HBGAs and HMOs, of which Lewis® shows higher affinity (K,=
210nwm) than the monovalent ligand L-fucose (Kp=2.9 um).?>'?
We have previously reported a surface plasmon resonance
(SPR) inhibition competition assay that allows for the measure-
ment of half maximum inhibitory concentration (ICs,) values of
glycooligomers binding to LecB.”® In short, a commercially
available streptavidin-coated sensor chip was functionalized
with commercially available biotinylated polyacrylamide that
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Table 1. Analytical data of glycooligomers 13-18. Table 2. Results from SPR inhibition competition assay of glycooligomers
13-17 and LecB (200 nm).
Glycooligomer Type of sugar Natural model MW Yield®
fragment [gmol™'1  [%] Ligand n® 1Cso [nM]™ RIP RIP/nted)
‘@/O 4_8 MeFuc 1 300428 1+£0.1 1
13 ; ; 2701.88 40 o° °
Fuc/GalNAc ~ HBGA A s 2 6116 49+£03 25
K©O ® O
14 ; <—$ 2619.78 49 > > 2 35+9 86+03 43
Fuc/Gal Lewis® COOOo
. O O
‘@r‘3 42 ¢ > 2 6011 50402 25
15 i ! 285595 46 OO OO
Fuc/Lac 2'Fucosyllactose (2FL) ® ® ) 2648 39401 20
16-Me Fuc/Sia(Me) - 2906.06 40 [ You Yam Yam Yow Yom ’ ' '
16 ‘@' ﬁ 2878.01 36 ¢ ? 4 54+8 56+0.2 14
: OO OO
Fuc/Sia Sialyl-Lewis®
‘@" [a] Number of fucose units within the ligand. [b] ICs, values determined
17 ; Control 2587.78 26 by two independent measurements with standard error of the mean
Fuc/Fuc (SEM). [c] Relative inhibitory potencies (RIP) based on a-L-methylfucose
Q©O (MeFuc), RIP=ICsy(MeFuc)/ ICsy(glycooligomer). [d] Relative inhibitory po-
18 : Negative control 2651.77 36 tency normalized on fucose units per oligomer (RIP/n).
Gal/Gal®
[a] Overall yield after purification by ion-exchange resin and semi-prepa-
rative HPLC with a gradient of water/acetonitrile. [b] Alpha/beta mixture Compared with a-L-methylfucose, all glycooligomers
of galactose. showed increased inhibition of LecB (Table 2). Previously, we

showed that binding to LecB increased with an increasing
number of fucose units on the oligomeric backbone.”® Surpris-
ingly, positive control 17, exhibiting a total of four fucose side
chains, did not show an increase in binding compared with
the heteromultivalent glycooligomers that present only two
fucose ligands. For further comparison, we normalized the IC;,
values on the IC,, value of a-L-methylfucose to provide relative
inhibitory potencies (RIP) that can be further normalized to the
number of fucose ligands (RIP/n) (Table 2). Indeed, RIP values
fit well with previously investigated homomultivalent glycoo-
ligomers binding to LecB, for which an RIP/n of about 2-3 was
observed.” Similar values for heteromultivalent glycooligom-
ers 13, 15, and 16 indicate that the second carbohydrate motif
seems to play no role in improving the overall binding to
LecB. Only glycooligomer 14 with an additional galactose
ligand in close proximity to the fucose ligand showed a lower
ICs, value, and thereby, an increased binding. One possible ex-
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planation could be a partial mimicking of the Lewis® ligand. In-
terestingly, Sialyl-Lewis® mimetic 16 did not show increased
binding, although Sialyl-Lewis® is also known as a potent
binder of LecB.'” Therefore, further studies are required to in-
vestigate participation of the different carbohydrate motifs in
LecB binding in more detail, for example, by STD-NMR or crys-
tallography. Ongoing studies also include the analysis of the
glycooligomer conformation, and thereby, the distance be-
tween carbohydrate side chains attached through the iso-
DTDS building block, for example, by means of molecular
modelling and light scattering.

Conclusion

A new building block, iso-DTDS, suitable for solid-phase poly-
mer synthesis was used to introduce closely neighboring car-
bohydrate ligands in the side chains of precision glycomacro-
molecules. iso-DTDS can be used to create heteromultivalent
glycooligomeric constructs that combine different carbohy-
drate motifs, and thereby, more closely mimic complex oligo-
saccharide ligands. In this report, iso-DTDS was applied to the
synthesis of glycooligomers that contain fragments of HBGAs.
Inhibitory potencies of these glycomimetic oligomers towards
LecB were investigated. Interestingly, a glycooligomer with
only Fuc ligands showed similar inhibitory effects as glycoo-
ligomers that combined Fuc ligands with GalNAc, Lac, or Sia
moieties. Only the glycooligomer that combined Fuc and Gal
residues showed a slight increase in the inhibitory potential,
which indicates additional binding of the Gal ligands within
the structure that is based on fragments of the natural Lewis®
ligand. Overall, this strategy gives straightforward access to a
variety of heteromultivalent glycooligomers and extends our
platform of precision glycomacromolecules. Following the pre-
sented concept, macromolecular mimetics of other oligosac-
charides or combinations of carbohydrates with additional
non-carbohydrate binding motifs are now accessible.

Experimental Section
Synthesis of iso-DTDS

17,20] 1 [23]

Key intermediate 2! and precursor intermediate
thesized according to literature procedures.

were syn-

3-Ethynyl-5-[(triisopropylsilyl)ethynyl]benzoic acid (1): Aqueous
KOH solution (15mL, 02gmL"', 3g, 53 mmol, 3.7 equiv) was
added to a solution of methyl-3-((triisopropylsilyl)ethynyl)-5-((trime-
thylsilyl)ethynyl)benzoate (1d) (5.98 g, 14.5 mmol, 1 equiv) in THF
(15 mL), and the reaction mixture was stirred for 24 h at room tem-
perature. Upon completion, 15 mL of water were added and a pre-
cipitate formed. The THF was evaporated, and the remaining aque-
ous suspension was cooled with an ice bath. Aqueous HCl (58 mL,
174 mmol, 3Mm, 12 equiv) was added, and the mixture was stirred
for at least 1 h. The obtained solid precipitate was isolated by
vacuum filtration and dried under high vacuum overnight to afford
3-ethynyl-5-((triisopropylsilyl)ethynyl)benzoic acid (1) as a colorless
solid (4.35 g, 13.3 mmol, 92%). '"H NMR (600 MHz, CDCl;): 6=8.15
(b, Y=1.6 Hz, 2H, Hu2, Ho6), 7.8 (t, “J=1.6 Hz, TH, Hu4), 3.15 (s,
1H, C=C-H), 1.15-1.13ppm (m, 21H, -CH-(CH,),); "CNMR
(75.5 MHz, CDCly): 6=170.7 (-COOH), 140.3 (Cp-4), 133.8 (Cp-2),
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1334 (Co6), 129.9 (Cor1), 1248 (Co5), 1232 (Co-3), 1047 (C=C-
TIPS), 93.6 (C=C-TIPS), 81.7 (C=C-H), 79.1 (C=C-H), 188 (CH,),

11.4 ppm (CH(CH,),); R=0.46 (CH,Cl,/MeOH, 10:1); LRMS (ESI): m/z
caled for CyoHas0,Si: 327.2 [M+H]™; found: 327.2; HRMS (ESI): m/z
caled for CoH,0,Si: 327.1775 [M+H]"; found: 327.1772; RP-HPLC:
(eluent B, for composition of eluent B see Supporting Information,
gradient from 80-100% over 10 min, then eluent B, 100%, for
17 min, 25°Q): t;=5.8 min, determined purity 98 %.

3-Ethynyl-N-[2-(2,2,2-trifluoroacetamido)ethyl]-5-[(triisopropylsi-
lyl)ethynyl]-N-[2-(tritylamino)ethyllbenzamide (3): Dialkyne acid
1 (29, 6.13mmol, 1.05equiv), PyBOP (3.19g, 6.13 mmol,
1.05 equiv), HOBt (hydroxybenzotriazole, 0.89g, 5.84 mmol,
1 equiv), and DIPEA (1.66 mL, 17.52 mmol, 3 equiv) were added to
a solution of 2,2,2-trifluoro-N-(2-((2-(tritylamino)ethyl)amino)ethyl)a-
cetamide (key intermediate 2) (2.58 g, 5.84 mmol, 1 equiv) in DMF
(40 mL). The mixture was stirred for 16 h at room temperature. The
resulting yellowish solution was poured into water (400 mL) and
left to stand overnight. The suspension was centrifuged, and the
water was decanted. The solid product was redissolved in ethyl
acetate and extracted three times with water. The organic phase
was dried over MgSO,, filtered, and concentrated in vacuum.
Column chromatography (hexane/ethyl acetate, 3:1-2:1) afforded
the product as colorless crystals (3.68 g, 4.9 mmol, 84%). 'H NMR
(600 MHz, CDCl,): =7.85 (s, TH, NH), 7.66 (s, 1H, Hg,), 7.53 (s, TH,
Hs,), 746 (s, TH, Hg,), 7.37 (d, >J=7.8 Hz, 6H, C(C,H),), 7.28 (t, *J=
7.7 Hz, 6H, C(C¢Hs),), 7.19 (t, *J=7.3 Hz, 3H, C(C¢Hs),), 3.63-3.61 (m,
2H, (C=0)NH-CH,-CH,), 3.51-3.48 (m, 2H, ((=0)NH-CH,-CH,), 3.43
(t, 3J=5.9 Hz, 2H, C(Ph);-NH-CH,-CH,), 3.13 (s, TH, C=C-H), 2.25 (t,
3J=5.9 Hz, 2H, C(Ph),-NH-CH,), 1.13-1.12 ppm (m, 21H, -CH-(CH),);
BCNMR (151 MHz, CDCly): 6=172.6 ((C=O)Ph), 157.8 ((C=0)CF5),
157.6, 145.3 (C-Tppeny), 136.8 (C-4g,), 136.0 (C-15,), 1304 (C-24,, C-64,),
129.8 (C-25, C-65), 1284 (0-Conenyi M-Coneny)s 128.1 (0-Cppeny M-
Coneny)r 126.6 (p-Copeny)), 124.8 (C-55,), 123.0 (C-35,), 116.7 (CFy), 104.7
(C-TIPS), 93.5 (C=C-TIPS), 81.8 (C=C-H), 79.2 (C(=C-H), 71.0 (C-Phy),
60.4 (residual ethyl acetate), 50.4 (N(CH,),), 44.2 (N(CH,),), 42.2 (NH-
CH,), 39.5 (NH-CH,), 21.1 (residual ethyl acetate), 18.6 (CH;), 14.2 (re-
sidual ethyl acetate), 11.3 ppm (CH(CHj;),); HRMS (ESI): m/z calcd for
CusHsoF3N;0,Si (monoisotopic mass 749.3624): 750.3697 [M+H]™;
found: 750.3699; RP-HPLC: (eluent B, gradient from 80-100% over
10 min, then eluent B, 100% for 17 min, 25°C): t;=11.2 min, deter-
mined purity 99%. R;=0.79 (hexane/ethyl acetate, 1:1).

2,2,2-trifluoroacetaldehyde,2-{3-ethynyl-N-[2-(2,2,2-trifluoroace-

tamido)-ethyll-5-[(triisopropylsilyl)ethynyllbenzamido}ethan-1-

aminium salt (4): TES (10.8 mL, 68 mmol, 2.8 equiv) and TFA
(26 mL, 337 mmol, 10% v/v) were added to a solution of com-
pound 3 (18.09 g, 24.1 mmol, 1 equiv) in CH,Cl, (240 mL). The col-
orless solution was stirred for 1 h at room temperature, and the re-
action progress was determined by TLC (hexane/ethyl acetate, 1:1)
until complete. The TFA was co-evaporated with toluene. The
crude product, which contained triphenylmethane as a side prod-
uct (1:1 mixture as determined by 'H NMR), was obtained as a
white solid (20.86 g crude mixture calcd to contain product: 14.9 g,
24 mmol, quant.). Remaining triphenylmethane was not successful-
ly separated but could be removed in the next reaction step. The
obtained crude product was used without further purification. Ri=
0.72 (CH,Cl,/MeOH, 5:1); "H NMR (600 MHz, CDCl,): 6 =8.18 (s, 3H,
NH), 7.96 (s, 1H, (CO)NH), 7.63 (s, 1H, Hg,), 7.43 (s, 1H, Hg,), 7.38 (s,
1H, Hg,), 7.30-7.27 (m, 6H, CsH¢), 7.25 (residual toluene), 7.23-7.20
(m, 3H, CsHy), 7.17 (residual toluene), 7.13-7.11 (m, 6H, CsHy), 5.56
(s, TH, CH,-Phs), 3.81 (s, 2H, CH,), 3.72 (s, 2H, NH), 3.55 (s, 2H, CH,),
3.36-3.31 (m, 4H, CH,), 3.15 (s, TH, C=C-H), 2.36 (residual toluene),
1.14-1.09 ppm (m, 21H, CH(CH,),); LRMS (ESI): m/z calcd for
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C,6H36FsN;0,Si: 508.3 [M+H]*; found: 508.2; HRMS (ESI): m/z calcd
for CygHssFsN;0,5i: 508.2602 [M+H]*; found: 508.2607.

4-[(2-{3-ethynyl-N-[2-(2,2,2-trifluoroacetamido)ethyl]-5-[(triiso-
propylsilyl)ethynyl]lbenzamido} ethyl)amino]-4-oxobutanoic acid
(5): Succinic anhydride (24119, 24 mmol, 1equiv) and NEt,
(10 mL, 72 mmol, 3 equiv) were added to a solution of crude prod-
uct 4 (20.86 g, which equates to about 14.97 g, 24 mmol, 1 equiv
of product 4) in CH,Cl, (240 mL, 0.1 m). The reaction mixture was
stirred for 2 h at room temperature. The reaction progress was de-
termined by TLC (CH,Cl,/MeOH, 10:1 v/v, acetic acid 1 droplet).
After complete consumption of the starting material, the reaction
mixture was concentrated to a total volume of 100 mL under re-
duced pressure. The mixture was precipitated in aqg. citric acid
(10%, 2L) and stirred for 1 h. The precipitate was isolated by
vacuum filtration, washed extensively with water to remove excess
citric acid, then washed with cold CH,Cl,. The product was ob-
tained as a white solid (13.30 g, 22 mmol, 91%). R;=0.52 (CH,Cl,/
MeOH, 9:1+one droplet AcOH); '"H NMR (300 MHz, CD,0D, CDCl,):
0=757 (t, J=1.5Hz, 1H, p-Hg,), 7.37 (s, 2H, 0-Hg,), 3.72-3.67 (m,
TH, NCH,CH,), 3.63-3.56 (m, 2H, NCH,CH,), 3.52-3.44 (m, 2H,
NCH,CH,), 3.40-3.33 (m, 3H, NCH,CH,, C=CH, overlapping with
signal from CD,HOD signal), 3.25-3.20 (m, 1H, N-CH,CH,), 2.63-2.53
(m, 2H, (CO)CH,), 2.48-2.37 (m, 2H, (CO)CH,), 1.09 ppm (s, 21H,
CH(CH,),); LRMS (ESI): m/z calcd for C3oH,oF3N;OLSi: 608.3 [M+H] ™,
630.3 [M+Na]*; found: 608.3, 630.2; HRMS (ESI): m/z calcd for
C3oH40F3N;05Si: 608.2762 [M+H]*; found: 608.2753; RP-HPLC: (gra-
dient: 40-100% eluent B in 30 min, 25°C): t;=15.6 min, deter-
mined purity 87 %.

4-({2-[(2-{3-ethynyl-5-[(triisopropylsilyl)ethynyl]benzamido}-
ethyl)amino]ethyl}amino)-4-oxobutanoic acid (6): Compound 5
(10.0 g, 16.5 mmol, 1 equiv) was suspended in a mixture of MeOH
(250 mL) and EtOH (180 mL) and stirred at 40°C until the starting
material was dissolved completely. K,CO; (16 g, 116 mmol, 7 equiv)
in water (100 mL) was added, and the mixture was heated to 60°C
and allowed to stir at 60°C for 8 h, and then at room temperature
overnight. Remaining solvents were removed under reduced pres-
sure at 40°C. The crude product was analyzed by RP-HPLC and
used without further purification. HRMS (ESI): m/z calcd for
CygH4iN;0,Si: 512,29 [M+H]"; found: 512.04; RP-HPLC: (gradient:
100-50% eluent A over 0-5 min, 50-0% eluent A over 5-12 min,
0% eluent A over 12-17 min, 25°C): t,=8.8 min, determined purity
92%.

4-{[2-({[(9H-fluoren-9-yl)methoxylcarbonyl}(2-{3-ethynyl-5-[(tri-

isopropyl-silyl)ethynyllbenzamido}ethyl)amino)ethyllamino}-4-

oxobutanoic acid (7): The slurry of compound 6 was redissolved
in THF (200 mL) and water (200 mL). Fmoc-Cl (4.67 g, 18 mmol,
1.1 equiv) was added, and the reaction mixture was stirred for 18 h
at room temperature. The emulsion was evaporated under reduced
pressure. The pH was tested to be pH>7 (if the pH<7 adjust).
The gel-like residue was redissolved in ethyl acetate (50 mL), water
(300 mL), and brine (200 mL). The aqueous layer was washed two
times with ethyl acetate to remove remaining Fmoc-based byprod-
ucts. Citric acid (1L, 10% solution in water) was added to the
aqueous layer to adjust to pH < 4. The product was extracted three
times from the aqueous solution with ethyl acetate. The collected
organic layers were dried over MgSO,, filtered, and concentrated
under reduced pressure. Crude product (11.69 g, 15.9 mmol, 96 %)
was further purified by silica gel column chromatography (CH,Cl./
MeOH, 20:1) to afford pure product 7 (6.3 g, 8.5 mmol, 52%). R;=
0.71 (CH,Cl,/MeOH, 10:1+droplet AcOH); 'HNMR (600 MHz,
CD,0D): 6=7.84 (dd, **J=21.4, 8.0Hz, 2H, o-Hy,), 7.76 (d, *J=
7.6 Hz, 2H, H,, (Fmoc)), 7.64-7.49 (m, 3H, p-Hg, H, (Fmoc)), 7.35
(m, 2H, Hy (Fmoc)), 7.27 (dt, **J=21.5, 7.3 Hz, 2H, H,, (Fmoc)),
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4.44 (d, *J=5.8 Hz, 1H, OCH,CH), 4.34 (d, >)=6.1 Hz, 1H, OCH,CH),
4.16 (dt, **J=36.4, 5.7 Hz, TH, OCH,CH), 3.63 (d, /=239 Hz, 1H,
C=C-H), 3.49 (s, br, 2H, NHCH,CH,), 3.45-3.40 (m, 1H, NHCH,CH,),
3.39-334 (m, 2H, NHCH,CH,), 3.34-3.30 (m, overlapping with
[D,MeOH, NHCH,CH,), 3.21 (t, >J=5.9 Hz, 1H, NHCH,CH,), 3.06 (t,
*)=5.8 Hz, 1H, NHCH,CH,), 2.56 (t, *J=6.9 Hz, 2H, (CO)CH,), 2.42 (t,
3J=7.0Hz, 2H, (CO)CH,), 1.15-1.08 ppm (m, 21H, CH(CH,),);
BCNMR (151 MHz, [DgDMSO):  6=173.8 (CO,H), 172.0
(CH,(CO)NH), 171.1 (CH,(CO)NH), 164.5 (PhCO), 155.6 (O(CO)NH),
155.5 (O(CO)NH), 143.8 (C,, (Fmoc)), 143.8 (C,, (Fmoc)), 140.7 (Cy,
(Fmoc)), 136.7, 136.6 (0-Cg,), 135.5, 135.4 (0-Cg,), 130.7, 130.5 (C-1g,),
127.6 (C,, (FMoc)), 127.6 (C,, (FMoQ)), 127.1 (C4, (Fmoc)), 125.1 (Cp,
(Fmoc)), 125.0 (C,, (Fmoc)), 123.1 (C-5g,), 123.0 (C-55,), 122.6 (C-3g)),
122.5 (C-3g), 120.1 (C,, (Fmoc)), 120.1 (C,, (Fmoc)), 105.1 (C=C-
TIPS), 92.0 (C=C-TIPS), 91.9 (C=C-TIPS), 82.5 (C=C-H), 82.3 (C=C-H),
81.7 ((=C-H), 67.9 (Fmoc-CH-CH,), 66.9 (Fmoc-CH-CH,), 46.9, 46.7,
46.6, 46.5, 38.1, 37.5, 36.8 (all HNCH,CH,), 30.1 (succinyl-CH,), 30.0
(succinyl-CH,), 29.1 (succinyl-CH,), 21.1 (CH(CH,),), 18.5 (CH,),
10.6 ppm; LRMS (ESI): m/z calcd for C,3HsN;OSi: 734.4 [M+H]™,
756.3 [M+Nal™; found: 734.3, 756.2; HRMS (ESI): m/z calcd for
C,3HsiN;O6Si - (monoisotopic mass 733.3547): 734.3620 [M+H]™;
found: 734.3623; RP-HPLC: (gradient: 80-100% eluent B over 0-
10 min, 100% eluent B over 10-17 min, 25°C): t;=6.1 min, deter-
mined purity 98 %.

Glycooligomers analysis

(Fuc,GalNAc)[2,5]-6 (13): "H NMR (600 MHz, D,0): 6 =8.50-8.48 (m,
2H, N=N-N-CH), 8.46-8.44 (m, 2H, N=N-N-CH), 8.12-8.09 (m, 2H, p-
Hpy), 7.94-7.90 (m, 4H, o-Hp,), 4.88 (d, ¥)=3.6 Hz, 2H, Fuc-H1a),
4.84-4.82 (m, 2H, GaINAc-H1a), 4.75-4.69 (m, 8H, N=N-N-CH,), 4.16
(dt, °J=10.1, 4.5 Hz, 2H, N=N-N-CH,-CH,), 4.10-4.00 (m, 6 H, N=N-
N-CH,-CH, GalNAc-H3), 3.95 (dt, 3J=10.5, 4.8 Hz, 2H, N=N-N-CH,-
CH,), 387 (d, *J=29Hz, 2H, GalNAc-H2), 3.82-3.79 (m, 2H,
GalNAc-H4), 3.74-3.44 (m, 62H, CH,-0-(CH,),-O-CH,, N-CH,CH,-NH,
Fuc-H2, GalNAc-H6, Fuc-H3, Fuc-H4), 3.40-3.26 (m, 16H, O=C-NH-
CH,-CH,-0), 3.22 (dt, **J=17.7, 5.4 Hz, 2H, Fuc-H5), 3.14-3.09 (m,
2H, GalNAc-H5), 2.76-2.69 (m, 4H, O=C-CH,-CH,-C=0), 2.55-2.47
(m, 20H, O=C-CH,-CH,-C=0), 1.96, 1.95 (s, s, 3H, (CH,-NH)-(O =)C-
CH,), 1.78-1.77 (m, 6H, NH-(0O=)C-CH,) (GalNAc)), 0.93-0.91 ppm
(m, 6H, Fuc-H6); MALDI-TOF-MS: m/z calcd for Cj;gH;5N5gOus:
2723.28 [M+Na]"; found 2723.34; HRMS (ESl): m/z calcd for
Ci16H1g1N200,5 (Monoisotopic mass 2700.2766): 901.0995 [M+3H]*™;
found: 901.0988; RP-HPLC: (gradient: 100-50% eluent A over
30 min, 25 °C): ty=14.0 min, determined purity 99 %.
(Fuc,Gal)[2,5]-6 (14): "H NMR (600 MHz, D,0): 6 =8.47-8.44 (m, 4H,
N=N-N-CH), 8.05-8.03 (m, 2H, p-He,), 7.89-7.86 (m, 4H, 0-Hp), 4.98
(d, *J=3.7Hz, 2H, Gal-H1a), 4.88 (d, >)=3.5Hz, 2H, Fuc-Hla),
4.75-4.68 (m, 8H, N=N-N-CH,), 4.17-4.15 (m, 2H, N=N-N-CH,-CH,),
4.10-4.07 (m, 2H, N=N-N-CH,-CH,), 4.02-3.98 (m, 4H, N=N-N-CH,-
CH,), 3.83-3.79 (m, 4H, Gal-H2, Gal-H4), 3.76-3.69 (m, 6H, Fuc-H2,
Gal-H3, Gal-H6), 3.67-3.43 (m, 55H, CH,-O-(CH,),-O-CH,, N-CH,-CH,-
NH, Fuc-H3, Fuc-H4), 3.41-3.24 (m, 18H, O=C-NH-CH,-CH,-O, Gal-
H6), 3.20 (dt, **J=19.6, 5.1 Hz, 2H, Fuc-H5), 3.16-3.13 (m, 2H, Gal-
H5), 2.75-2.69 (m, 4H, O=C-CH,-CH,-C=0), 2.54-2.48 (m, 20H, O=C-
CH,-CH,-C=0), 1.95, 1.94 (s, s, 3H, O=C-CH,), 0.94-0.92 ppm (m, 6H,
Fuc-H6); MALDI-TOF-MS: m/z calcd for Ci;,Hi75N,,0,5: 2641.2
[M+Na]*; found: 2641.3; HRMS (ESI): m/z calcd for Cij,H;75N5,045
(monoisotopic mass 2618.2235): 873.7485 [M+3HP*"; found
873.7479; RP-HPLC: (gradient: 100-50% eluent A over 30 min,
25°CQ): tz=13.7 min, determined purity 99 %.

(Fuc,Lac)[2,51-6 (15): 'H NMR (600 MHz, D,0): 5 =8.58 (s, 2H, N=N-
N-CH), 8.40-8.39 (m, 2H, N=N-N-CH), 8.01-7.09 (m, 2H, p-Hy.),
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7.88-7.79 (m, 4H, o-Hpy), 5.87 (dd, **J=9.1, 1.7 Hz, 2H, Glc-H1p),
487 (d, 3J=3.4Hz 2H, Fuc-Hla), 4.73-4.64 (m, 4H, N=N-N-CH,),
457 (d, 3J=7.7 Hz, 2H, Gal-H1p), 4.15 (dt, **J=8.9, 2.0 Hz, 2H, N=
N-N-CH,-CH.), 4.08-4.05 (m, 4H, N=N-N-CH,-CH,, Glc-H), 4.00-3.94
(m, 12H, Glc-H, Gal-H), 3.88-3.84 (m, 2H, Glc-H), 3.82-3.79 (m, 4H,
Gal-H2, Gal-H4), 3.74-3.69 (m, 6H, Fuc-H2, Gal-H3, Gal-H6), 3.64-
3.44 (m, 51H, CHy-O-(CH,),-0-CH,, N-CH,-CH,-NH, Fuc-H3, Fuc-H4),
3.42-3.27 (m, 17H, O=C-NH-CH,-CH,-0), 3.24-3.12 (m, 6 H, Gal-H6,
Fuc-H5, Gal-H5), 2.73-2.68 (m, 4H, O=C-CH,-CH,-C=0), 2.55-2.45
(m, 20H, O=C-CH,-CH,-C=0), 1.94, 1.93 (s, s, 3H, O=C-CH;), 0.95-
093 ppm (m, 6H, Fuc-H6); MALDI-TOF-MS: m/z caled for
CiaoH1ssNy,Oss: 2877.3 [M+Nal®; found 2877.3; HRMS (ESI): m/z
caled for Ci50H;g,N,,055 (Monoisotopic mass 2854.2768): 952.4329
[M+3HP*"; found: 952.4325; RP-HPLC: (gradient: 100-50% eluent
A over 30 min, 25°C): t;=12.8 min, determined purity >99%.

[Fuc,Sia(methyl-protected)][2,51-6 (16-Me): 'H NMR (600 MHz,
D,0): 0=8.48-8.46 (m, 2H, N=N-N-CH), 8.37-8.36 (m, 2H, N=N-N-
CH), 8.08-8.06 (m, 2H, p-Hpy), 7.92-7.88 (m, 4H, 0-Hy,), 4.88 (d, *J=
3.5Hz, 2H, Fuc-Hla), 4.76-4.62 (m, 11H, COO-CH;, N=N-N-CH,,
overlapping with HDO-signal), 4.24-4.22 (m, 2H, N=N-N-CH,-CH,),
4.10-4.07 (m, 2H, N=N-N-CH,-CH.,), 4.02-3.98 (m, 4H, N=N-N-CH,-
CH,), 3.83 (t, >J=10.2 Hz, 2H, Sia-H8), 3.76-3.43 (m, 73H, CH,-O-
(CH,),-0-CH,, N-CH,CHyNH, Fuc-H2, Fuc-H3, Fuc-H4, Sia-H4-H7,
Sia-H9), 3.41-3.25 (m, 17 H, O=C-NH-CH,-CH,-0), 3.20 (dt, *3/=18.7,
5.2 Hz, 2H, Fuc-5), 3.16-3.11 (m, 2H, Sia-H), 2.76-2.70 (m, 4H, O=C-
CH,CH,C=0), 2.62 (dd, **/=12.9, 4.6 Hz, 2H, Sia-H.3), 2.55-2.47
(m, 21H, O=C-CH,-CH,-C=0), 2.00 (s, 6H, (NH)CO-CH; (Sia)), 1.95,
1.95 (s, s, 3H, O=C-CH,), 1.79 (t, **J=12.4 Hz, 2H, Sia-H,3), 0.94-
093 ppm (m, 6H, Fuc-H6). MALDI-TOF-MS: m/z caled for
CipaH1osNy60sp: 2927.34 [M+Na]*; found: 2927.47; HRMS (ESI): m/z
caled for Cy54H193N5005, (Monoisotopic mass 2904.3400): 969.1206
[M+3H]*"; found: 969.1191; RP-HPLC: (gradient: 100-50% eluent
A over 30 min, 25°C): t;=14.6 min, determined purity 99 %.

(Fuc,Sia)[2,5]-6 (16): "H NMR (300 MHz, D,0): 0 =8.46-8.43 (m, 2H,
N=N-N-CH), 8.38-8.34 (m, 2H, N=N-N-CH), 8.05-8.01 (m, 2H, p-Hp,),
7.89-7.82 (m, 4H, o-H,.), 4.88 (d, >J=3.0Hz, 2H, Fuc-Hla), 4.74-
4.60 (m, 8H, N=N-N-CH,), 4.25-4.20 (m, 2H, N=N-N-CH,-CH,), 4.13-
3.95 (m, 8H, N=N-N-CH,-CH,, Sia-H8), 3.85-3.11 (m, 94H, CH,-O-
(CH,),-O-CH,, N-CH,-CH,NH, Fuc-H2, Fuc-H3, Fuc-H4, Sia-H4-H7,
Sia-H9, O=C-NH-CH,-CH,-O, Fuc-H-5), 2.77-2.49 (m, 28H, O=C-CH,-
CH,C=0, Sia-H3,,), 2.00 (s, 6H, NC(=0)CH; (Sia)), 1.95, 1.94 (s, s,
3H, O=C-CH,), 1.75 (t, **J=12.1 Hz, 2H, Sia-H3,,), 0.93 ppm (d, *J=
6.6 Hz, 6H, Fuc-H6); HRMS (ESI): m/z calcd for C,,,H;5N2,05; (mon-
oisotopic mass 2878.3087): 959.7769 [M+3H**; found: 959.7761;
RP-HPLC: (gradient: 100-50% eluent A over 30 min, 25°C): tz=
13.6 min, 13.8 min, determined purity 96 %.

(Fuc,Fuc)[2,51-6 (17): "H NMR (600 MHz, D,0): 6 =8.39 (s, 4H, N=N-
N-CH), 7.99-7.97 (m, 2H, p-Hp), 7.82-7.79 (m, 4H, o-H), 4.78 (d,
3)=3.1 Hz, 4H, Fuc-H1a), 4.67-4.56 (m, 8H, N=N-N-CH,), 4.04-3.89
(m, 8H, N=N-N-CH,-CH,), 3.63-3.09 (m, 76 H, Fuc-H2, Fuc-H3, Fuc-
H4, CH,-O-(CH,),-O-CH,, N-CH,-CH,-NH, O=C-NH-CH,-CH,-0), 3.06-
2.99 (m, 4H, Fuc-H5), 2.68-2.59 (m, 4H, O=C-CH,-CH,-C=0), 2.47-
2.36 (m, 20H, O=C-CH,-CH,-C=0), 1.86, 1.86 (s, s, 3H, O=C-CH,),
0.82 ppm (d, 3)=6.5Hz, 12H, Fuc-H6). MALDI-TOF-MS: m/z calcd
for CyHyysN,,045 2609.2 [M+Na]*; found: 2609.3. HRMS (ESI): m/z
caled for Cyy,H,75N5,0,4; (Monoisotopic mass 2586.2337): 863.0852
[M+3H]*"; found: 863.0851; RP-HPLC: (gradient: 100-50% eluent
A over 30 min, 25°C): t;=14.3 min, determined purity 99 %.

(Gal,Gal)[2,5]-6 (18): Negative control 18 exhibits galactose units
of an a/B-mixture (3:1). '"H NMR (600 MHz, D,0): 6 =8.38-8.34 (m,
4H, N=N-N-CH), 7.97-7.91 (m, 2H, p-Hpy), 7.81-7.75 (m, 4H, o-Hp),
5.00 (d, >J=1.4Hz, 1H, Gal-H1a), 4.74-4.65 (m, 8H, N=N-N-CH,),
445 (d, *J=7.4Hz, Gal-H1pB), 4.39-4.32 (m, 3H, N=N-N-CH,-CH.,),
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4.19-4.12 (m, 4H, N=N-N-CH,-CH,), 4.08-4.01 (m, 3H, N=N-N-CH,-
CH,, Gal-H2a), 3.92 (d, J=3.2 Hz, 4H, Gal-H2f), 3.79-3.12 (m, 89H,
Gal-H2, Gal-H4, Gal-H5, Gal-H3, Gal-H6, CH,-O-(CH,),-O-CH,, N-CH,-
CH,~NH, O=C-NH-CH,-CH,-0), 2.76-2.68 (m, 4H, O=C-CH,-CH,-C=0),
2.52-2.47 (m, 20H, O=C-CH,-CH,-C=0), 1.94-1.92 ppm (m, 3H, O=
C-CH;); MALDI-TOF-MS: m/z caled for Cyp,HyysN,,0, 2673.2134
[M+Na]"; found: 2673.294; HRMS (ESI): m/z calcd for Cy;,H,75N,;0,,
(monoisotopic mass 2650.2134): 884.4117 [M+43H]*"; found:
884.4114; RP-HPLC: (gradient: 100-50% eluent A over 30 min,
25°Q): tg=12.9, 13.1, 13.3 min; determined purity 99 %.
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1. Materials

Diethyl ether (with BHT as inhibitor, = 99.8%), triisopropylsilane (TIPS) (98%), (+)-sodium-L-ascorbate
(=2 99.0%), citric acid (= 99.5%), D-galactose (Gal) (= 99%), sodium diethyldithiocarbamat trihydrate,
sodium methanolate (95%), diethylene triamine (= 99%), 2,2'-(ethylenedioxy)bis(ethylamine) (98%),
Amberlite (IR120, hydrogen form), 1-hydroxybenzotriazole (HOBt) (= 97%), D-lactose (Lac) (= 98%),
triethylsilane (99%), 3-bromo-5-iodobenzoic acid (97%), copper iodide (Cul) (= 99.5%),
bis(triphenylphosphine)palladium(ll)chloride (Pd(PPhs3)Clz) (= 99%), tetrabutylammoniumfluoride
trihydrate (TBAF) (98%), silver carbonate (Ag2COs) (99%), acetyl chloride (98%) and all deuterated
solvents were purchased from Sigma-Aldrich. N,N-Dimethylformamide (DMF) (99.8%, for peptide
synthesis), piperidine (99%), copper(ll)sulfate (98%), 2-bromoethanol (97%), sodium azide (99%),
isopropanol (99.5%), TRIS (= 99.8%) and trityl chloride (98%) were purchased from Acros Organics.
Methanol (100%), ethyl acetate (= 99%), magnesium sulfate (MgSOa4) (= 99.5%), hydrochloric acid (HCI)
(conc.), potassium carbonate (K2COs) (98-100%), n-hexane (= 95%), sulfuric acid (95-98%) and acetic
anhydride (Ac20) (99.7%) were purchased from VWR Prolabo Chemicals. N,N-Diisopropylethylamine
(DIPEA) (= 99%) was purchased from Carl Roth. Dichloromethane (DCM) (99.99%), acetonitrile (ACN)
(=2 99.9%) and sodium chloride (NaCl) (= 99.0%) were purchased from Fisher Scientific. Trifluoroacetic
acid (TFA) (99%), triisopropylsilylacetylene (TIPS-acetylene) (97%) and trimethylsilylacetylene (TMS-
acetylene) (98%) were purchased from Fluorochem. Tentagel S RAM (Rink Amide) resin was purchased
from Rapp Polymere and had a loading of 0.25 mmol of Fmoc-protected amine groups per gram of resin.
L-Fucose (Fuc) (= 95%) and N-acetylneuraminic acid (Neu5Ac or here Sia) were purchased from
Jennewein Biotechnologie GmbH. Silica gel (60 M, 0.04-0.063 mm) was purchased from Macherey-
Nagel. Succinic anhydride was purchased from Carbolution. (HATU) Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) was purchased from NovaBiochem. The
ion exchange resin (AG1-X8, quarternary ammonium, 100-200 mesh, acetate form) was purchased from
BioRad. Syringe filters, 4 mm, 0.45 ym PTFE were purchased from Restek. Filter syringes with a
polypropylene frit were purchased from Multisyntech GmbH. Streptavidin sensor chips (SA-chips),
sodium chloride solution (1 M), sodium hydroxide solution (0.2 M) and HSB-P+ buffer for SPR
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measurements were purchased from GE Healthcare Life Sciences. LecB was purchased from
OligoTech. a-L-Methylfucose (> 98.0%) was purchased from TCI. Calcium chloride (CaClz) (min. 97%),
potassium hydroxide (KOH) (90%) and calcium hydroxide (Ca(OH)2) were purchased from AppliChem.
Biotinylated fucose- and galactose-polyacrylamide (Fuc-PAA, Gal-PAA) were purchased from
GlycoTech. Triethylamine (NEt3) (> 99.5%), tetrahydrofuran (THF) (99.0%), toluene (Tol) (99.8%) and
acidic catalyst LewatitK2629 were purchased from Fluka. N-Acetyl-D-galactosamine (GalNAc) was
purchased from CarboSynth. p-Toluene sulfonic acid monohydrate (p-TsOH) (= 98%) was purchased

from Merck.

2. Instrumentation

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR)
The IR spectrum was recorded with a Nicolet 6700, attenuated total reflectance Fourier transform
infrared spectroscopy (ATR FTIR) spectrometer from Thermo Scientific. The spectrum was analyzed

with Omnic software 7.4.

Nuclear magnetic resonance spectroscopy (NMR)
"H NMR and '3C NMR spectra were measured on a Bruker AVANCE Il — 300 (300 MHz) and a Bruker
AVANCE Il — 600 (600 MHz). Chemical shifts were obtained in delta (&) expressed in units of parts per

million (ppm). Residual, non-deuterated solvent was utilized as internal standard.

Reverse-phase semi-preparative high-performance liquid chromatography (preparative RP-
HPLC)

All glycooligomers were purified by semi-preparative RP-HPLC performed on an Agilent 1200 HPLC
system using a Varian Pursuit semi-preparative column (C1s, 250x10.0 mm). Separation of
glycooligomers was realized applying a linear gradient of milliQ-water (A) and acetonitrile (B) at a flow
rate of 20 mL/min at 25 °C. The product fractions were combined, concentrated in vacuum to dryness,
dissolved in milliQ-water, filtered through syringe filters and lyophilized to obtain the purified

glycooligomers.

Reversed Phase - High Performance Liquid Chromatography - Mass Spectrometry (RP-
HPLC/MS)

Analysis of glycooligomers was conducted on an analytical RP-HPLC system (Agilent 1260 Infinity) with
a Poroshell 120 EC-C18 (3.0x50 mm, 2.5 um) RP column from Agilent. The instrument was coupled to
a variable wavelength detector (VWD) which was set to 214 nm and was combined with a 6120
Quadrupole LC/MS with an Electrospray lonization (ESI) source (operating in positive ionization mode
in a m/z range of 200 to 2000). A gradient of mobile phase A (H20/ACN (95:5) + 0.1% formic acid) and
mobile phase B (H20/ACN (5:95) + 0.1% formic acid) was used for the analysis of building blocks and
glycooligomers at 25 °C with a flow rate of 0.4 mL/min. Furthermore, successful couplings in SPPoS
and purities of final glycooligomers were determined from the obtained chromatograms. The

measurements were performed with a linear gradient starting with 100% of mobile phase A reaching
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50% mobile phase A after 30 min. Methods for measurements of the building block intermediates are
given for each individual step (see below). Analyses of UV and MS signals were performed with

OpenLab ChemStation software for LC/MS from Agilent Technologies.

High Resolution —Electrospray lonization - Mass Spectrometry (HR-ESI-MS)

HR-ESI-MS spectra were recorded on an Agilent 6210 (Electrospray lonization) ESI-TOF from Agilent
Technologies (Santa Clara, CA, USA) with a flow rate of 4 uL/min. The spray voltage was set to 4 kV
and the desolvation gas had 15 psi (1 bar).

Matrix-Assisted Laser Desorption lonization — Time Of Flight — Mass Spectrometry (MALDI-TOF-
MS)

MALDI-TOF-MS spectra were recorded on a Bruker MALDI-TOF Ultraflex | system using
2,5-dihydroxybenzoic acid (DHB) as matrix in 10-fold excess compared to the compound. Spectra were
obtained either in linear mode for m/z range of 1000-4000, calibrated with a protein mixture or in reflector

mode for a m/z range 2000-20000 without calibration.

Lyophilization
Glycooligomers were dried by lyophilization on a freeze-dryer (Alpha 1-4 LD plus) from Martin Christ
Freeze Dryers GmbH at -42 °C and 0.1 mbar.

3. General methods

3.1 Solid phase polymer synthesis of glycooligomers

The spacer building block EDS was synthesized according to literature.['l Solid phase synthesis is
based on previously reported protocols.?! The synthesis of the backbone structure was conducted in
two batches. The first batch size was 0.317 mmol and was split after the first CUAAC reaction into four
aliquots (0.08 mmol each) for the synthesis of heteromultivalent glycooligomers. The second batch was
0.08 mmol and was split after backbone construction into two aliquots (0.04 mmol each) for the synthesis
of homomultivalent control structures. Detailed procedures are described for batch 1 (see below).

Prior to the synthesis of glycooligomers, Tentagel S RAM resin (1.27 g, 0.317 mmol, loading
0.25 mmol/g) was swollen in DCM by washing three times with DCM (3 mL) and shaking for 1 h in DCM

(10 mL). Afterwards the resin was washed 10 times with DMF.
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Scheme S1: Synthesis of a heteromultivalent glycooligomer applying iso-DTDS, exemplarily with
a-L-fucose and N-acetyl-a-D-galactosamine on solid support.

Fmoc cleavage
Cleavage of the Fmoc-protecting group was performed by adding 25% piperidine in DMF (10 mL) and
shaking for 10 min. The resin was washed three times with DMF afterwards. This procedure was

repeated twice and then the resin was washed 20 times with DMF.

Coupling procedure

The following protocol describes the coupling of iso-DTDS for the batch size of 0.317 mmol. The initial
coupling of an EDS building block required 5 eq. (0.745 g, 1.59 mmol) of EDS, 5 eq. (0.825 g, 1.59 mmol)
of PyBOP and 10 eq. (0.54 mL, 3.17 mmol) of DIPEA with a reaction period of 1.5 h. For iso-DTDS the

coupling procedure was performed twice (double coupling).

Iso-DTDS (697 mg, 0.951 mmol, 3 eq.) and PyBOP (495 mg, 0.951 mmol, 3 eq.) were dissolved in DMF
(3 mL). After addition of DIPEA (1.62 mL, 9.51 mmol, 30 eq.) the mixture was subsequently flushed with
nitrogen for 1 min. The solution was added to the resin and shaken for 1.5 h. Afterwards the resin was
washed 10 times with DMF.
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Capping
After full assembly of the backbones, the N-terminal side was capped by addition of acetic anhydride
(10 mL) to the resin. The resin was shaken for 15 min and washed three times with DMF. The procedure

was repeated once more, followed by washing 10 times with DMF and 10 times with DCM.

CuAAC reaction of carbohydrates

Azidated carbohydrate (0.793 mmol, 3 eq. per alkyne group, total 1.585 mmol, 6 eq.) were dissolved in
DMF (2.5 mL) and mixed with aqueous sodium ascorbate solution (1 mL water, 30 mg sodium ascorbate,
¢ = 30 mg/mL, 50 mol% per free alkyne group, total: 2 mL). The mixture was degassed with nitrogen
and added to 0.317 mmol of resin loaded with oligomer under nitrogen flow. Aqueous CuSO4 solution
(0.6 mL water, 15 mg CuSOs4, ¢ = 20 mg/mL, 25 mol% per alkyne group, total: 1.2 mL) were degassed
and added to the resin under nitrogen flow. The reaction mixture was shaken overnight. Afterward the
reaction mixture was collected to recover the azidated carbohydrate with acetyl-protecting groups by
extraction with 50 mL ethyl acetate and washing with 50 mL water (five times). The organic layer was
then dried over MgSOy, filtered and the solvent was evaporated in vacuum. The recovered azidated
carbohydrates could be used again without further purification. After the coupling the resin was washed
extensively with a solution of sodium diethyldithiocarbamate in DMF (23 mM), followed by water, DMF

and DCM until the DMF washing solution showed no coloration.

TIPS-deprotection

The resin with oligomer was washed with anhydrous, degassed DMF four times in a filter syringe and
then degassed with nitrogen three times. A solution of TBAF in anhydrous DMF (600 mM) was added
to the resin (16 eq. per protected alkyne group) and the reaction mixture was shaken for 15 min at room
temperature. The reaction mixture was poured into an aqueous Ca(OH): solution to avoid formation of
HF. The resin was washed three times with DMF. This protocol was repeated for a second time, and
then the resin was then extensively washed with DMF, water, 0.1% aqueous TFA solution and water.
Washing solutions were collected in the aqueous Ca(OH)z solution. After quartering the batch, a second
CuAAC reaction was performed applying the same procedure as described before, but with different
azidated carbohydrates for each batch (Gal, GalNAc, Lac, Sia).

Deacetylation of carbohydrates
A 0.2 M solution of NaOMe in MeOH was added to the resin and shaken for 30 min. The resin was then
washed three times with MeOH and three times with DCM. The procedure was repeated once and at

the end the washing steps were repeated three times.

Final cleavage

The final glycooligomers were cleaved from the resin by adding 3 mL of cleavage solution (95% TFA,
2.5% TIPS and 2.5% DCM) and shaking for 1 h. Afterwards the reaction mixture was purged in cold
Et2O to precipitate the glycooligomer. The heterogeneous mixture was centrifuged, the ether was
decanted and the product was dried in a nitrogen stream. The cleavage procedure was repeated once
and the combined crude product fractions were dissolved in 5 mL MilliQ-water each, combined and
lyophilized overnight.
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Purification

The final glycooligomers were purified by ion exchange resin using 1 g resin per 100 mg glycooligomer
according to literature.®! Afterwards the glycooligomers were further purified by preparative HPLC with
a gradient of water and acetonitrile. Glycooligomer analysis was performed by 'H NMR, HR-ESI-MS,
MALDI-TOF-MS and RP-HPLC/MS (gradient from 100% to 50% A in 30 min, 25 °C).

De-methylation of sialylated glycooligomer 16-Me

To sialylated oligomer (10 mg) 1mL LiOH solution (0.1 M in H2O/MeOH 1:1) was transfered. The mixture
was shaken for 1.5 h. Afterwards the pH of the reaction mixture was monitored and acidic ion exchange
resin (Amberlite) was added until reaching a neutral pH. The oligomer solution was collected with the
help of a syringe and filtered into a test tube. Water was added to the oligomer solution (5 mL). The
resin was washed three times with 2 mL of water and the washing solutions were combined through a
filter syringe with the main oligomer solution. The water/methanol solution of sialylated oligomer was

lyophilized on a high vacuum pump at ~0.01 mbar overnight.

3.2Syntheses of azido-functionalized carbohydrates

Azido-2,3,6,2,3'4",6"-hepta-O-acetyl-B-D-lactose 1104, azidoethyl-per-O-acetyl-a/B-D-
galactopyranosidel® and azidoethyl-functionalized N-acetylneuraminic acid 12671 were synthesized
according to literature. The synthesis of azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (8c),
azidoethyl-2,3,4,6-tetra-O-acetyl-N-acetyl-a-D-galactosamine  (9¢) and azidoethyl-2,3,4,6-tetra-O-
acetyl-a-D-galactopyranoside (10c) were performed in three steps starting from the commercially
available monosaccharides, applying a modified protocol by Roy et al. (Scheme S2).8] The synthesis

and analytical data of 8c was previously published.[®]

General procedure for the synthesis of 8c (Fuc-N3), 9c (GalNAc-N3) and 10c (Gal-N3)

In the first step the corresponding monosaccharide was reacted neat with 2-bromoethanol and H2SO4-
silica catalyst at 65 °C (for catalyst preparation see below). After purification by column chromatography,
the functionalized products were obtained as a/p-mixtures in a ratio of 7:1 (8a, Fuc) and 17:3 (9a,
GalNAc) as determined from 'H NMR. In case of 10a (Gal) the a/B-ratio was not determined and the
a/B-mixture was used without further purification. After acetylation in acetic anhydride with H2SOus-silica
catalyst and work up, pure a-anomeric products were obtained by column chromatography affording 8b
(48% yield), 9b (24% yield) and 10b (10% yield). Final substitution with sodium azide in DMF was

performed generating 8c, 9¢c and 10c.
o] A o o o]
Hcm Lﬁ— Hom ﬂl— Acom ﬂ)- Acm
a 0/\/Br b 0/\/Br c 0/\/N3

Scheme S2: Synthesis of azidoethyl-functionalized monosaccharides in a-conformation. Reagents and
conditions: (A) 2-bromoethanol (5 eq.), H2SOs-silica catalyst, 65 °C, 6 h/RT, 16 h; (B) Ac20 (48 eq.),
H2S0s-silica catalyst, RT; (C) NaNs (4 eq.), DMF, 50 °C, 36 h.
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Preparation of H2SO+-silica catalyst

The catalyst was prepared as described in literaturel®l: Briefly, Et2O (50 mL) and silica gel (10 g) were
mixed and conc. H2SO4 (3 mL) was added carefully. The suspension was shaken for 5 min and the
solvent was evaporated under reduced pressure. The remaining functionalized silica catalyst was dried

for 3 h at 110 °C and was used without further purification.

2-Bromoethyl-a/B-pyranosides (a)

O-Acetyl protected monosaccharide (122 mmol, 1 eq.) was suspended in 2-bromoethanol (44 mL,
620 mmol, 5 eq.) and was heated to 65 °C. Subsequently H2SOs-silica catalyst (0.61 g) was added. All
material was dissolved after 6 h. If starting material was still visible additional catalyst was added. Stirring
at 65 °C was continued until TLC reaction control showed complete conversion. The reaction mixture
was allowed to cool to room temperature and stirred for additional 16 h. The crude product was
separated from excess 2-bromoethanol by silica gel column chromatography with DCM. Product
pyranosides were isolated as anomeric mixtures with a gradient of DCM/MeOH in case of 8a (fucose)
and 10a (Gal) and with DCM/MeOH (6:1) in case of GalNAc (9a) and used without further purification.
2-Bromoethyl-a/B-L-fucopyranoside (8a) was afforded as a colorless to yellowish solid (19.45 g,
71.89 mmol) in 59% yield as o/B-mixture (7:1).

2-Bromoethyl-N-acetyl-a/B-D-galactosamine (9a) was afforded as a colorless solid (2.88 g, 8.8 mmol)
in 28% vyield as a/B-mixture (17:3). '"H NMR (300 MHz, CD3OD): & [ppm] = 4.93 (d, 3J = 1.9 Hz, 0.2H,
H-1, starting material), 4.91 (d, 3J = 3.7 Hz, 1H, aH-1), 4.58 (s, br, 0.2H, NH), 4.27 (dd, 33J = 11.6,
4.3 Hz, 1H, H-3), 4.17 (dd, 33J = 4.1, 2.0 Hz, 0.2H, H-3, starting material), 4.02-3.95 (m, 1H, H-2), 3.90
(d, 8J = 4.4 Hz, 2H, H-6), 3.84-3.70 (m, 4H, H-4, H-5, OCH>CH2Br), 3.64-3.56 (m, 2H, OCH2CH-Br),
1.97 (s, 3H, CH3), 1.97 (s, 0.5H, CHjs, starting material). ESI-MS: m/z for C1oH1sBrNOs (exact
monoisotopic mass 327.0): [M+H]* calcd. 328.0, found 328.2. Rt = 0.48 (DCM/MeOH (4:1)).
2-Bromoethyl-a/B-D-galactopyranoside (10a) was afforded as colorless solid (4.65 g, 16.3 mmol) in

29% yield as a a/pB-mixture and was used without further purification.

2-Bromoethyl-per-O-acetyl-a-pyranosides (b)

To a suspension of 2-bromoethylpyranoside (8.8 mmol, 1 eq.) in acetic anhydride (40 mL, 423 mmol,
48 eq.) was added 880 mg H2SOs-silica catalyst (100 mg per mmol starting material) and the reaction
mixture was stirred at room temperature for 16-24 h (see details for each compound). After completion
of the reaction as determined by TLC, the mixture was diluted with 20 mL DCM and washed with
saturated NaHCOs agq. solution and water twice. The organic layers were combined, dried over MgSOa4
and the solvent was removed under reduced pressure. Anomeric mixtures of 8b, 9b and 10b were
separated by silica gel column chromatography as described below.
2-Bromoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (8b) was obtained as white solid (210 mg,
0.53 mmol, 48 %). Reaction time was 24 h. Silica gel column chromatography was performed with a
gradient of toluene/ethyl acetate (50:1 — 8:1).
2-Bromoethyl-2,3,4,6-tetra-O-acetyl-N-acetyl-a-D-galactosamine (9b) was obtained as white solid
(0.967 g, 2.1 mmol, 24 %). Reaction time was 16 h. Silica gel column chromatography was performed
with a gradient of toluene/ethyl acetate (50:1 — 8:1). 'TH NMR (600 MHz, CDClz): & [ppm] = 5.73 (d, 3J =
9.7 Hz, 1H, NH), 5.39 (dd, 33J = 3.3, 1.3 Hz, 1H, H-4), 5.18 (dd, 33J = 11.3, 3.2 Hz, 1H, H-3), 4.93 (d,
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8J =3.7 Hz, 1H, H-1a), 4.60 (ddd, 333J = 11.3, 9.7, 3.7 Hz, 1H, H-2), 4.31-4.21 (m, 1H, H-5), 4.17-3.98
(m, 3H, H-6, OCH>CH2Br), 3.80 (dt, 23J = 11.6, 6.0 Hz, 1H, OCH>CH2Br), 3.54 (dd, 33J = 5.9, 5.0 Hz,
2H, OCH2CH-Br), 2.22 (s, 3H, CHs), 2.16 (s, 3H, CHs), 2.05 (s, 3H, CHs), 2.00 (s, 3H, CHs), 1.97 (s, 3H,
CHs). 8C NMR (151 MHz, CDCls): & [ppm] = 171.1 (NH(C=0)), 170.5 (C=0), 170.4 (C=0), 170.3 (C=0),
166.5 (NHCO), 98.3 (C-1a), 68.5, 68.4, 67.4, 67.4 (C-3, C-4, C-5, C-6), 62.1 (CH2CH2Br), 47.9 (C-2),
30.9 (CH2Br), 23.4, 22.3 ((NH)(CO)CHs), 20.9 (CHs), 20.9 (CHs), 20.8(CHs). ESI-MS: m/z for
C16H24BrNOg (exact monoisotopic mass 453.1): [M+H]* calcd. 454.1, found 456. Rr = 0.66 (a) and
0.57 (B) (DCM/MeOH (8:1)).

2-Bromoethyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (10b) was obtained as white solid
(720 mg, 1.6 mmol, 10 %). Reaction time was 24 h. Silica gel column chromatography was performed
with a gradient of n-hexane/ethyl acetate (50:1 — 3:1). '"H NMR (600 MHz, CDCls3): d [ppm] = 5.47-5.46
(m, 1H, H-4), 5.36 (dd, 33J = 10.9, 3.4 Hz, 1H, H-3), 5.19 (d, 3J = 3.7 Hz, 1H, a-H-1), 5.11 (dd, 33J =
10.9, 3.7 Hz, 1H, H-2), 4.33 (t, 3J = 6.9 Hz, 1H, H-5), 4.10 (qd, 28J = 11.3, 6.6 Hz, 2H, H-6), 3.99 (dt,
23J=11.5, 5.8 Hz, 1H, OCH.CHBr), 3.83 (dt, 23J = 11.6, 5.9 Hz, 1H, OCH>CH2Br), 3.50 (t, 3J = 5.9 Hz,
2H, OCH2CH:Br), 2.14 (s, 3H, CH3), 2.09 (s, 3H, CHj), 2.05 (s, 3H, CHs), 1.99 (s, 3H, CHs). '°C NMR
(151 MHz, CDCls): 6 [ppm] = 170.6 (C=0), 170.5 (C=0), 170.3 (C=0), 170.1 (C=0), 96.6 (C-1a), 68.8,
68.2, 67.6, 66.9 (C-2, C-3, C-4, C-5, C-6), 61.9 (CH2-CH2-Br), 30.1 (CH2-Br), 21.0 (CHs), 20.9 (CHs),
20.8 (CHs), 20.8 (CHs). ESI-MS: m/z for C16H23BrNO10 (exact monoisotopic mass 454.0): [M+HsO]J*
calcd. 473.1, found 474. Rr = 0.53 (n-hexane/ethyl acetate (6:4)).

2-Azidoethyl-per-O-acetyl-a-pyranosides (c)

2-Bromoethyl-per-O-acetyl-a-pyranoside (5 mmol, 1 eq.) dissolved in DMF (40 mL) was treated with
sodium azide (1.3 g, 20 mmol, 4 eq.). The reaction mixture was heated to 50 °C and stirred for 36 h.
Conversion was monitored by TLC. To the crude product 10 mL of water was added and the reaction
mixture was concentrated to almost dryness under reduced pressure at 55 °C (9 mbar). Remark: the
mixture should not be dried completely to avoid any risk of explosion (organic azides). The resulting
crude product was dissolved in ethyl acetate and washed three times with water, three times with
saturated NaHCOs aq. solution and three times with water again. The organic layer was dried over
MgSQ;, filtered and the solvent was removed under reduced pressure. The corresponding product was
dried in high vacuum.

2-Azidoethyl-2,3,4-tri-O-acetyl-a-L-fucopyranoside (8c) was obtained as white crystals (1.61 g,
4.48 mmol, 90 %).

2-Azidoethyl-2,3,4,6-tetra-O-acetyl-N-acetyl-a-D-galactosamine (9c) was obtained as colorless
crystals (450 mg, 1.08 mmol, 61 %). '"H NMR (300 MHz, CDCIz): & [ppm] = 5.66 (d, 3J = 9.6 Hz, 1H,
NH), 5.39 (d, 3J = 2.9 Hz, 1H, H-4), 5.17 (dd, 33J = 11.4, 3.2 Hz, 1H, H-3), 4.94 (d, 3J = 3.6 Hz, 1H, H-
1a), 4.62 (ddd, 333J =11.2, 9.9, 3.6 Hz, 1H, H-2), 4.18 (t, 3J = 6.5 Hz, 1H, H-5), 4.13-4.07 (m, 3H, H-6,
overlapping with residual ethyl acetate), 3.91 (ddd, 233J = 10.8, 5.4, 2.9 Hz, 1H, OCH2CH2Nz), 3.66
(ddd, 2334 =10.8, 8.0, 2.8 Hz, 1H, OCH2CH:N3), 3.54 (ddd, 233J = 13.4, 8.0, 2.9 Hz, 1H, OCH2CH2N3),
3.35 (ddd, 233J = 13.5, 5.4, 2.8, 1H, OCH>CH2N3), 2.16 (s, 3H, CHas), 2.04 (s, 3H, CH3), 2.03 (residual
ethyl acetate), 1.99 (s, 3H, CHs), 1.96 (s, 3H, CHs), 1.25 (residual ethyl acetate). *C NMR (151 MHz,
CDCl3): & [ppm] =207.1 (residual acetone), 171.0 (NH(CO), 170.5 (C=0), 170.4 (C=0), 170.4 (C=0),
98.2 (C-1a), 68.3,67.7,67.4,67.2 (C-3, C-4, C-5, C-6), 62.0 (OCH2CH2N3s), 60.5 (residual ethyl acetate),
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50.6 (C-2), 47.7 (CH2Ns), 31.0 (residual acetone), 23.3 (NH(CO)CHs), 21.2 (residual ethyl acetate),
20.9 (CHs), 20.8 (CHs), 20.8 (CHs), 14.3 (residual ethyl acetate). ESI-MS: m/z for C16H24N4O9 (exact
monoisotopic mass 416.2): [M+H]* calcd. 417.2, found 417.2.
2-Azidoethyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (10c) was obtained as white crystals
(0.486 g, 1.16 mmol, 87 %). '"H NMR (300 MHz, CDClz): d [ppm] = 5.46 (dd, 33J = 3.4, 1.3 Hz, 1H, H-
4), 5.35 (dd, 33J = 10.3, 3.4 Hz, 1H, H-3), 5.18-5.08 (m, 2H, H-1a, H-2), 4.24 (dt, 33J=6.6, 6.2, 1.1 Hz,
1H, H-5), 4.09 (d, 3J = 6.4 Hz, 2H, H-6), 3.86 (m, 1H, OCH.CH2N3), 3,62 (m, 1H, OCH>CH2N3), 3.51-
3.34 (m, 2H, OCH2CH>N3), 2.13 (s, CH3), 2.07 (s, CH3), 2.04 (s, CH3), 1.97 (s, CHS3). '8C NMR (75.5 MHz,
CDCls): 8 [ppm] = 170.7 (C=0), 170.5 (C=0), 170.3 (C=0), 170.1 (C=0), 96.6 (C-1a), 68.1, 68.0, 67.5,
67.5, 66.7 (C-2, C-3, C-4, C-5, C-6), 61.9 (OCH2CH2Ns), 50.5 (CH2Ns), 20.9 (CHs), 20.8 (CHs),
20.8 (CH3). HR-ESI-MS: m/z for C16H23N3010 (exact monoisotopic mass 417.1383): [M+NH4]* calcd.
435.1727, found 435.1725. Rf = 0.79 (n-hexane/ethyl acetate (6:4)).

General procedure for the synthesis of 12 (Sia-N3)

The synthesis of N-acetyl-a-neuraminic acid (a-sialic acid) with an azidoethyl-linker (12) is shown in
Scheme 3 and was realized by a modified procedure from literature (Scheme S3) affording the
o-functionalized product in an overall yield of 16 %.[5"1 The reaction sequence started with the
methylation of the acid group using dry methanol in the presence of Dowex as an acidic resin. The
resulting crude a/B-mixture of A was suspended and stirred in acetyl chloride. After distillation of the
excess acetyl chloride the crude peracetylated B was used in the next step without further purification.
The chloride was substituted with 2-bromoethanol in a Sn2 reaction promoted by Ag2COs. Product C
was obtained as a/B-mixture (2:1) and converted into the desired azido-glycoside D with NaNs in DMF.
Unfortunately, azide-functionalized acetylated sialic acid D and the corresponding bromoethyl-
functionalized C could not be distinguished in TLC for reaction control. Therefore, IR was conducted to
monitor formation of D by the appearance of a peak at 2107 cm-! (Figure S46). To separate the o/B-
mixture, azidated acetyl-protected sialic acid D was deprotected with sodium methanolate in methanol.
Column chromatography of crude neutralized product E led to 66% of the a-product. The a-anomer was
re-acetylated afterwards with Ac20 because the peracetylated product exhibits a higher stability in the
CuAAC reaction on solid support and enables a simple recovery of the anomerically pure sialic acid

azide derivative 12a after CUAAC by extraction with ethyl acetate and washing with water.

COOH COOMe COOMe

Scheme S3: Synthesis of a2|doethyl-functlonallzed sialic acid 12a. Reagents and conditions: (a) dry
MeOH, acidic catalyst Dowex, 16 h, RT, 98 %; (b) acetyl chloride (90 eq.), 2 d, RT, Nz-atm.; (c)
2-bromoethanol (41 eq.), molecular sieves, Ag2COs (2 eq.), N2-atm, 20 h, RT, 47 %; (d) NaNs, DMF,
36 h, 50 °C, 81 %; (e) MeONa in MeOH (0.2 M, 3.9 eq.), 4 h, RT, AcOH, 66 % a-product; (f) Re-
acetylation of a-product: Ac20, p-TsOH x H20, 0 °C/RT, 18 h, 72 %.
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N-Acetylneuraminic acid methyl ester (A)

Methanol was dried with molecular sieves for 16 h and freshly distilled prior to use. N-Acetylneuraminic
acid (10 g, 32.4 mmol, 1 eq.) was stirred with LewatitK2629 acid catalyst (2.5 g) in 750 mL dry methanol
for 16 h at room temperature. The suspension became a clear solution as the reaction equilibrium shifted
towards product formation. The catalyst was removed by filtration and the reaction mixture was
concentrated to dryness under reduced pressure affording methyl ester (A) as white solid (10.22 g,
31.5 mmol, 98 %). The resulting product was used without further purification.

"H NMR (600 MHz, DMSO-ds): & [ppm] = 8.09 (d, 3J = 8.3 Hz, 1H, NH), 6.42 (d, 3J = 2.3 Hz, 1H, OH),
4.83 (d, 3J =6.3 Hz, 1H, OH), 4.55 (d, 3J = 4.6 Hz, 1H, OH), 4.33 (d, 3J = 5.5 Hz, 1H, OH), 4.21 (t,3J =
6.0 Hz, 1H, OH), 3.90-3.79 (m, 1H, H-8), 3.76-3.71 (m, 4H, H-9, COOCH3), 3.63-3.45 (m, 3H, H-5, H-4,
H-9), 3.31-3.25 (m, 1H, H-6), 3.18 (ddd, 333J = 9.3, 4.6, 1.3 Hz, 1H, H-7), 2.03 (dd, 23J = 12.8, 4.9 Hz,
1H, H-3eq), 1.89 (s, 3H, NC(=0)CH3), 1.76-1.67 (m, 1H, H-3ax). '*C NMR (151 MHz, DMSO-ds): & [ppm]
=171.9 (NH(C=0)), 170.2 (COOCH3), 94.9 (C-2), 70.5, 69.7, 69.1 (C-6, C-7, C-8), 65.5 (C-4), 63.6 (C-
9), 53.0 (C-5), 52.3 (O-CHs), 48.6 (C-3), 22.6 ((COCHs).

2-Chloro-4,7,8,9-tetra-O-acetyl-N-acetylneuraminic acid methyl ester (B)

N-Acetylneuraminic acid methyl ester (7 g, 22 mmol, 1 eq.) was suspended in acetyl chloride (140 mL,
1.96 mol, 90 eq.) and the mixture was stirred at room temperature for 2 d under nitrogen. The progress
of the reaction was monitored by TLC (n-hexane/ethyl acetate (1:4)). After completion of the reaction,
the solution became clear. Distillation to dryness and drying on high vacuum pump 12 g of a white to
yellowish solid of crude product B that was used without further purification.

"H NMR (300 MHz, CDCls): 8 [ppm] = 5.60 (d, 3J = 10.0 Hz, 1H, NH), 5.47 (dd, 33J = 6.9, 2.3 Hz, 1H, H-
7), 5.39 (ddd, 333J = 10.2, 6.2, 4.8 Hz, 1H, H-4), 5.16 (ddd, 333J =7.0, 5.9, 2.7 Hz, 1H, H-8), 4.42 (dd,
23J=12.5, 2.7 Hz, 1H, H-9), 4.35 (dd, 33J = 10.8, 2.4 Hz, 1H, H-6), 4.20 (q, 3J = 10.4 Hz, 1H, H-5), 4.06
(dd, 23J = 12.5, 5.9 Hz, 1H, H-9), 3.87 (s, 3H, COOCH3), 2.77 (dd, 23J = 13.9, 4.8 Hz, 1H, H-3e¢), 2.31-
2.22 (m, 1H, H-3a), 2.11 (s, 3H, C(=0)CHs), 2.07 (s, 3H, C(=0O)CHs), 2.05, 2.04 (s, s, 6H, C(=O)CHs),
1.90 (s, 3H, C(=0)CHs). ESI-MS: m/z for C20H28CINO12 (exact monoisotopic mass 509.1): [M+H]* calcd.
510.1, found 510.1; [M-H20+H]* calcd. 492.1, found 492.2; [M-HCI+H]* calcd. 474.2, found 474.2; [M-
HOAc+H]* calcd. 450.1, found 450.1; [M-HOAc-H20+H]* calcd. 432.1, found 432.2; [M-HOAc-HCI+H]*
calcd. 414.1, found 414.1; [M-2HOAc+H]* calcd. 390.1, found 390.1; [M(hydrolyzed prod)+K]* calcd.
362.08, found 362.2. Rr = 0.34 (ethyl acetate/n-hexane (4:1).

2-Bromoethyl-4,7,8,9-tetra-O-acetyl-N-acetylneuraminic acid methyl ester (C)

Sialyl chloride B (3 g, 5.9 mmol, 1 eq.) was dissolved in 2-bromoethanol (17 mL, 240 mmol, 41 eq.) and
the solution was flushed with nitrogen. Molecular sieves (amount 3.75 g, 4 A, 1.25 mg per mg sialyl
chloride B) were added and the reaction mixture was stirred at room temperature. After 1 h Ag2COs
(3.25 g, 11.8 mmol, 2 eq.) was added and the reaction mixture was stirred for additional 20 h at room
temperature in the dark. The solid was filtered, washed with ethyl acetate and the yellow filtrate was
washed three times with H20. The organic layer was dried over MgSOs, filtered and concentrated to
dryness under reduced pressure. Column chromatography DCM/ethyl acetate (1:1) afforded the a/B-
mixture of product glycoside C as yellow oil (1.67 g, 2.8 mmol, 47 %). IR: v (cm') = 1741, 1664, 1369,
1213, 1126, 1070, 1034, 947, 601, 569, 405. ESI-MS: m/z for C22H32BrNO13 (exact monoisotopic mass
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597.1) [M+Na]* calcd. 620.1, found, 620.0; [M+H]* calcd. 598.1, found 600.0; [M-Br(CH2)2OH]* calcd.
474.2, found 474.2. Rt = 0.51 (ethyl acetate).

2-Azidoethyl-4,7,8,9-tetra-O-acetyl-N-acetylneuraminic acid methyl ester (D)

In a 250 mL round bottom flask, a solution of C (4.12 g, 6.9 mmol) in DMF (55 mL) was treated with
sodium azide (1.79 g, 27.6 mmol) and the reaction mixture (yellow dispersion). The reaction was stirred
for 36 h at 50 °C and monitored via TLC (ethyl acetate/toluene (3:2)). After 24 h, the reaction mixture
was concentrated to almost dryness under reduced pressure at 55 °C. The resulting yellow product was
redissolved in 250 mL ethyl acetate and water and the organic layer was washed three times with
250 mL water, three times with 250 mL saturated NaHCOs and again three times with 250 mL water.
The organic layer was dried over magnesium sulfate, filtered and concentrated to dryness under
reduced pressure affording D as a white to yellowish solid in a 2:1 a/B-mixture (3.14 g, 5.6 mmol, 81 %).

For analytical details see anomerically pure compound 12a.

2-Azidoethyl-N-acetyl-a-neuraminic acid methyl ester (E)

To peracetylated sialoside D (2 g, 3.57 mmol, 1 eq) a solution of sodium methoxide in methanol (70 mL,
0.2 M, 14 mmol, 3.9 eq) was added. The mixture was stirred for 4 h at room temperature. The reaction
was monitored by TLC (ethyl acetate/MeOH/H20 (4:1:0.1)). After completion the solution was
neutralized by drop-wise addition of 0.8 mL glacial AcOH (pH should be approximately 7). The solvent
was removed under reduced pressure. Column chromatography afforded a-anomeric compound E
(0.916 g, 2.34 mmol, 66 %).

"H NMR (600 MHz, Methanol-d4): & [ppm] = 3.98 (ddd, 233J=10.6, 5.7, 3.4 Hz, 1H, OCH>CH2Nz), 3.85
(s, 3H, COOCHBa), 3.85-3.82 (m, 2H, H-8, H-9), 3.78 (t, 3J = 10.2, 1H, H-5), 3.69-3.62 (m, 3H, H-4, H-9,
OCH2CH2Ns3), 3.59 (dd, 33J = 10.5, 1.6 Hz, 1H, H-6), 3.51 (dd, 33J = 8.9, 1.5 Hz, 1H, H-7), 3.39 (ddd,
233J=13.3, 7.4, 3.4 Hz, 1H, CH2N3), 3.33-3.29 (m, ~1H, overlapping with solvent peak, CH2N3), 2.72
(dd, 28J=12.8, 4.7 Hz, 1H, H-3¢q), 2.00 (s, 3H, NC(=0)CH?s), 1.98 (s, 1H, residual acetic acid), 1.77 (m,
1H, H-3ax). *C NMR (151 MHz, Methanol-da): 3 [ppm] = 175.20 (NHC=0), 170.64 (C-1), 100.14 (C-2),
74.94, 72.31, 70.13, 68.40 (C-4, C-6, C-7, C-8), 64.66 (C-6), 64.44 (CH2CH2Ns), 53.70 (C-5), 53.48
(OCHs), 51.68 (CHsNs), 41.50 (C-3), 22.71 ((C=0)CHs). Rf = 0.41 (alpha) (DCM/MeOH/H20 (9:2:0.2)).

Re-acetylation: 2-Azidoethyl-4,7,8,9-tetra-O-acetyl-N-acetyl-a-neuraminic acid methyl ester (12a)
Sialic acid azide E (0.5 g, 1.27 mmol, 1 eq.) was suspended in acetonitrile (20 mL) to give a white
suspension. The mixture was cooled to 0 °C and acetic anhydride (8 mL, 85 mmol, 67 eq.) was added
drop-wise. Then p-toluene sulfonic acid monohydrate (200 mg, 1.05 mmol, 0.8 eq.) was added and the
reaction mixture was stirred for 18 h at room temperature. Reaction control was performed with TLC
(ethyl acetate/MeOH/H20 (4:1:0.2)). After complete conversion the solvent was removed under reduced
pressure. The yellow oil was dissolved in ethyl acetate and washed three times with water and six times
with saturated aqueous NaHCOs. The organic layer was separated, dried over MgSOq, filtered and the
solvent was removed under reduced pressure. Product 12a was obtained as colorless oil (0.506 g,
0.903 mmol, 71 % yield).
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"H NMR (600 MHz, CDCl3): d [ppm] = 5.39 (ddd, J= 8.6, 5.7, 2.7 Hz, 1H, H-4), 5.31 (dd, J = 8.7, 2.1 Hz,
1H, H-7), 5.22 (d, 3J = 9.8 Hz, 1H, NH), 4.87 (ddd, J = 12.3, 10.0, 4.6 Hz, 1H, H-8), 4.29 (dd,
J =125, 2.7 Hz, 1H, H-9), 4.08 (m, 3H, H-9, H-5, H-6), 3.97 (ddd, 233J = 10.7, 5.6, 3.1 Hz, 1H,
CH>CH2N3), 3.81 (s, 3H, COOCH3), 3.47 (ddd, 233J =10.7, 7.5, 3.1 Hz, 1H, CH>CH2N3), 3.38 (ddd, 232
J=13.3,7.5, 3.1 Hz, 1H, CH2Nz), 3.29 (ddd, ?33J = 13.3, 5.6, 3.1 Hz, 1H, CH2Nz3), 2.62 (dd, J = 12.9,
4.6 Hz, 1H, H-3¢), 2.14, 2.13 (s, s, C(=0)CH3), 2.03, 2.02 (s, s, C(=0O)CH3), 1.97 (m, 1H, H-3a), 1.87 (s,
N-C(=0O)CH3). 3C NMR (151 MHz, CDClz): & [ppm] = 171.12, 170.79, 170.37, 170.29, 170.21
(CO(CHs)), 168.27 (COO-CHs), 98.81 (C-2), 72.65 (C-6), 69.04, 68.40, 67.31 (C-4, C-7, C-8), 64.27 (C-
9), 62.55 (OCH2CH2N3), 53.00 (C-5), 50.65 (COO-CHs), 49.53 (OCH2CH2Ns), 38.08 (C-3), 23.33
(NC(=0)CHs), 21.26, 20.98, 20.94, 20.89 (OC(=0)CHs). IR: v (cm™') = 2107, 1741, 1664, 1369, 1213,
1126, 1034, 947, 601. HR-ESI-MS: m/z for C22H32N4O13 (exact monoisotopic mass 560.1966) [M+H]*
calcd. 561.2044, found 561.2037. Rr = 0.30 (a) (ethyl acetate/MeOH/H20 (9:2:0.2)).
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Scheme S4: Synthesis of compound 1 as precursor for the synthesis of iso-DTDS, according to

literature.[10]
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4. Iso-DTDS reactivity studies

4 1Kinetic studies of TFA-deprotection of compound 5
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Figure S1: Kinetic study of TFA-deprotection (product 1, red) and rearrangement (product 2 =
compound 6, black) of starting material (compound 5, blue) and side product (green), determined by

integration of corresponding peak areas from RP-HPLC/MS spectra (from 100 % to 50 % eluent A in
5 min, decreasing to 0 % A until 12 min, proceeding at 0 % A, 17 min, 25 °C).
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Table S1: Kinetic study of TFA-deprotection: relative amounts of starting material (5), product 1
(rearrangement product), product 2 (6) and side product during the reaction process. 2Determined by
integration of peak areas from RP-HPLC/MS spectra (from 100 % to 50 % eluent A in 5 min, decreasing
to 0 % A until 12 min, proceeding at 0 % A, 17 min, 25 °C).

Time Amount Starting Amount Amount Amount side
[min] material’ product1’  product 2’ product’
0 100.0 0.0 0.0 0.0
30 70.7 26.7 2.6 0.0
50 33.6 52.1 14.3 0.0
75 9.5 50.6 39.9 0.0
90 4.5 40.3 55.2 0.0
105 2.5 33.4 62.5 1.6
120 0.0 25.6 72.9 15
180 0.0 10.3 87.0 2.7
255 0.0 3.4 92.4 4.2
1360 0.0 0.0 92.4 7.6

4 1 Coupling efficiencies

(A) Relative coupling efficacy [%] (B) Relative coupling efficacy [%]
mBatchl mBatch2 HDIC mHATU m PyBOP
100 100 . o, ol 100100100 99/ o6 los
g0 84
7
6 67 6
21
Resin-1 EDS-2 DTDS-3 Resin-1 EDS-2 DTDS-3 EDS-4

Figure S2: Efficiencies of Fmoc-deprotection and coupling steps of test sequence [Resin(1)-EDS(2)-
DTDS(3)-EDS(4)], determined by UV/Vis measurements (301 nm) of Fmoc-cleavage solution after
deprotection with UV-signal of cleavage solution from resin set to 100 %: (A) for batch 1 (monocoupling)
and batch 2 (double coupling in case of iso-DTDS) using PyBOP as coupling reagent, (B) monocoupling
for three different coupling reagents (DIC, HATU, PyBOP).
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Figure $3: RP-HPLC chromatogram (gradient from 80 % to 100 % eluent B in 10 min, proceeding at
100% B, 17 min, 25 °C) of crude product of test structure [EDS-DTDS-EDS-EDS] and corresponding

mass spectrum (after microcleavage with 95 % TFA in DCM/TIPS (1:1)).

5. Spectral analysis

5.1Building blocks

Iso-DTDS

3-Bromo-5-iodobenzoic acid methyl ester (1b)
"H NMR (300 MHz, CDCl3): & [ppm] = 8.28 (t, 33J = 1.5 Hz, 1H, Har-4), 8.11 (t, *J = 1.6 Hz, 1H, Har-2),

8.02 (t, 4*J = 1.7 Hz, 1H, H-64r), 3.92 (s, 3H, COCH3). Rf = 0.74 (n-hexane/ethyl acetate (5:1)).
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Figure S4: '"H NMR spectrum (300 MHz, CDCI3) of compound 1b.
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3-Bromo-5-((triisopropylsilyl)ethynyl)benzoic acid methyl ester (1c)
"H NMR (300 MHz, CDCls): & [ppm] = 8.10 (s, 1H, Har-2), 8.03 (s, 1H, Ha-6), 7.77 (s, 1H, Ha-4), 3.93
(s, 3H, COCH5), 1.13 (s, 21H, CH-(CHs)2). HR-ESI-MS: m/z for C19H27BrO4Si (exact monoisotopic mass
394.0964) [M+H]* calcd. 395.1042, found 395.1029. Rr = 0.57 (n-hexane).
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Figure S5: '"H NMR spectrum (300 MHz, CDCls) of compound 1c.
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Figure S5: HR-ESI-MS spectrum of compound 1c.

3-((Triisopropylsilyl)ethynyl)-5-((trimethylsilyl)ethynyl)benzoic acid methyl ester (1d)
"H NMR (300 MHz, CDCls): & [ppm] = 8.04 (p, 4J = 1.6 Hz, 2H, Har2, Har-6), 7.72 (t, 4J = 1.6 Hz, 1H,
Har-4), 3.92 (s, 3H, COCH3s), 1.13 (s, 21H, Si-CH-(CHs)z), 0.25 (s, 9H, Si-CHs). HR-ESI-MS: m/z for
C24H3602Si2 (exact monoisotopic mass 412.2254) [M+H]* calcd. 413.2332, found 413.2329. Rf = 0.49

(n-hexane).
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Figure S6: '"H NMR spectrum (300 MHz, CDClI3) of compound 1d.
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Figure S7: HR-ESI-MS spectrum of compound 1d.
3-Ethynyl-5-((triisopropylsilyl)ethynyl)benzoic acid (1)
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Figure S8: '"H NMR spectrum (600 MHz, CDClIs) of compound 1.
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Figure S9: 3C NMR spectrum (75.5 MHz, CDCI3) of compound 1.
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Figure S10: HR-ESI-MS spectrum of compound 1.
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Figure S11: RP-HPLC chromatogram of compound 1 (gradient from 80 % to 100 % eluent B in 10 min,
proceeding at 100 % B, 17 min, 25 °C.
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2,2,2-Trifluoro-N-(2-((2-(tritylamino)ethyl)amino)ethyl)acetamide (2)

"H NMR (300 MHz, CDCls): & [ppm] = 7.46-7.42 (m, 6H, Hpn), 7.29-7.23 (m, 6H, Hen), 7.20-7.14 (m, 3H,
Hpn), 3.40-3.36 (m, 2H, C(=O)NH-CH-), 2.80-2.72 (m, 2H, NH-CH-), 2.69 (dd, 23J = 6.5, 5.1 Hz, 2H,
NH-CHz), 2.31-2.27 (m, 2H, NH-CH-2).
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Figure S$12: "H NMR spectrum (300 MHz, CDCIs3) of compound 2.

2.

3-Ethynyl-N-(2-(2,2,2-trifluoroacetamido)ethyl)-5-((triisopropylsilyl)ethynyl)-N-(2-(tritylamino)-
ethyl)benzamide (3)

TIPS

CHCI, /—\ " OAFE

ethyl acetate

ethyl acefate

ethyl acetate
Hzo
-l CUL el

~N MW
S oo
NN
T
3.

1.02

O
<
—

75 70 65 60 55 50 5 30 25 20 15 10 05 00 -05

w

45 40
f1 (ppm)

Figure S13: "H NMR spectrum (600 MHz, CDCIz) of compound 3.
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Figure S14: 3C NMR spectrum (151 MHz, CDCIs) of compound 3.
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Figure S15: HR-ESI-MS spectrum of compound 3.
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Figure S16: RP-HPLC chromatogram of compound 3 (gradient from 80 % to 100 % eluent B in 10 min,
proceeding at 100 % B, 17 min, 25 °C).
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2,2,2-trifluoroacetaldehyde,2-(3-ethynyl-N-(2-(2,2,2-trifluoroacetamido)ethyl)-5-

((triisopropylsilyl)-ethynyl)benzamido)ethan-1-aminium salt (4)

CHCl 3
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Figure S17: "H NMR spectrum (600 MHz, CDCI3) of compound 4.
Intens.] +MS, 2.5-2.6min #149-154
x105
508.2607
4
3_
2_
1
0 : — — — — —
300 350 400 450 500 550 miz

Figure S18: HR-ESI-MS spectrum of compound 4.
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4-((2-(3-Ethynyl-N-(2-(2,2,2-trifluoroacetamido)ethyl)-5-((triisopropylsilyl)ethynyl)benzamido)

ethyl)amino)-4-oxobutanoic acid (5)
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Figure $19: "H NMR spectrum (300 MHz, CD30OD, CDCIs) of compound 5.
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Figure S20: HR-ESI-MS spectrum of compound 5.
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Figure S21: RP-HPLC chromatogram of compound 5 (gradient from 40 % to 100 % eluent B in 30 min,
25 °C).
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4-((2-((2-(3-Ethynyl-5-((triisopropylsilyl)ethynyl)benzamido)ethyl)amino)ethyl)amino)-4-

oxobutanoic acid (6)

8.8027
H_ﬂ,_“,—/\_/k_’_,—
rm——r T 1T 1T 71T 1T 1T 71T
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Figure $22: RP-HPLC chromatogram of compound 6 (gradient from 100 % to 50 % eluent A in 5 min,
decreasing to 0 % A until 12 min, proceeding at 0 % A, 17 min, 25 °C).
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Figure S23: ESI-MS spectrum of compound 6.

4-((2-((((9H-fluoren-9-yl)methoxy)carbonyl)(2-(3-ethynyl-5-
((triisopropylsilyl)ethynyl)benzamido)-ethyl)amino)ethyl)amino)-4-oxobutanoic acid (7)
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Figure S24: "H NMR spectrum (600 MHz, CD30OD) of compound 7.
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Figure S$25: 'TH NMR spectrum (600 MHz, DMSO-ds) of compound 7.
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Figure $26: '3C NMR spectrum (151 MHz, DMSO-ds) of compound 7.
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Figure S27: HR-ESI-MS spectrum of compound 7.
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Figure S28: RP-HPLC chromatogram of compound 7 (gradient from 80 % to 100 % eluent B in 10 min,
proceeding at 100 % B, 17 min, 25 °C).

(9H-fluoren-9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-diazaheptadecan-17-oic acid (EDS)

"H NMR (300 MHz, DMSO-ds): 6 [ppm] = 7.89 (d, 3J = 7.5 Hz, 2H, Hpn), 7.69 (d, 3J = 7.5 Hz, 2H, Hpn),
7.44-7.39 (m, 2H, Hen), 7.35-7.30 (m, 2H, Hen), 4.30-4.18 (m, 3H, Fmoc-CH-CH-), 3.50 (s, 4H,
OCH.CH-0), 3.42-3.37 (m, 4H, OCH.CH2NH), 3.21-3.10 (m, 4H, OCH2CH:NH), 2.43-2.38 (m, 2H,
C(=0)CH2CH2C(=0)), 2.33-2.28 (m, 2H, C(=0)CH2CH2C(=0)). '*C NMR (75.5 MHz, DMSO-ds): & [ppm]
=173.9 (COOH), 171.1 (CH2-C=0), 156.2 (O-C=0), 143.9, 140.7, 127.6, 127.1, 125.2, 120.1 (all Car),
69.6 (OCH2CH3), 69.1 (OCH2CH?>), 65.3 (OCH2CH), ~40 (NH-CH, overlapping with residual DMSO),
46.7 (OCH2CH), 30.0 (CH2-C=0), 29.2 (CH2-C=0). ESI-MS: m/z for C25H30N207 (exact monoisotopic
mass 470.2) [M+H]* calcd. 471.2, found 471.2.
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Figure S29: '"H NMR spectrum (300 MHz, DMSO-ds) of EDS.
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Figure S30: '3C NMR spectrum (75.5 MHz, DMSO-ds) of EDS.
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Figure S31: ESI-MS spectrum of EDS.
5.2Carbohydrate derivatives
2-Azidoethyl-2,3,4,6-tetra-O-acetyl-N-acetyl-a-D-galactosamine
2-Bromoethyl-N-acetyl-D-galactosamine (9a)
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Figure S32: 'H NMR spectrum (300 MHz, CD30OD) of 9a.

175



2-Bromoethyl-2,3,4,6-tetra-O-acetyl-N-acetyl-a-D-galactosamine (9b)
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Figure S33: "H NMR spectrum (600 MHz, CDCIs) of 9b.
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Figure S34: 3C NMR spectrum (151 MHz, CDCIs) of 9b.
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2-Azidoethyl-2,3,4,6-tetra-O-acetyl-N-acetyl-a-D-galactosamine (9c)
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Figure S35: "H NMR spectrum (300 MHz, CDCIs) of 9c.
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Figure S36: 3C NMR spectrum (151 MHz, CDCls) of 9c.
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2-Azidoethyl-2,3,4,6-tetra-O-acetyl-a-pD-galactopyranoside

2-Bromoethyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (10b)
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Figure S37: '"H NMR spectrum (600 MHz, CDCIs) of 10b.
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Figure S38: 3C NMR spectrum (151 MHz, CDCl3) of 10b.
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2-Azidoethyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (10c)
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Figure $39: "H NMR spectrum (300 MHz, CDCIs) of 10c.
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Figure S40: '3C NMR spectrum (75.5 MHz, CDClIs) of 10c.
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Figure S41: HR-ESI-MS spectrum of 10c.
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2-Azidoethyl-4,7,8,9-tetra-O-acetyl-N-acetyl-a-neuraminic acid methyl ester

N-Acetylneuraminic acid methyl ester (A)
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Figure S42: '"H NMR spectrum (600 MHz, DMSO-ds) of A.
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Figure S43: 3C NMR spectrum (151 MHz, DMSO-ds) of A.
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2-Chloro-4,7,8,9-tetra-O-acetyl-N-acetyl-neuraminic acid methyl ester (B)
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Figure S44: "H NMR spectrum (300 MHz, CDCIs) of B.
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Figure S45: ESI-MS spectrum of B.
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2-Bromoethyl-4,7,8,9-tetra-O-acetyl-N-acetyl-neuraminic acid methyl ester (C)
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Figure S46: ESI-MS spectrum of C.
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Figure S47: ATR-FTIR spectra of C and D.
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2-Azidoethyl-N-acetyl-a-neuraminic acid methyl ester (E)
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Figure S48: "H NMR spectrum (600 MHz, CD30OD) of E.
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Figure S49: '3C NMR spectrum (151 MHz, CD3sOD) of E.
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2-Azidoethyl-4,7,8,9-tetra-O-acetyl-N-acetyl-a-neuraminic acid methyl ester (12a)
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Figure S$50: '"H NMR spectrum (600 MHz, CDCIs) of 12a.
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Figure S51: 3C NMR spectrum (151 MHz, CDCl3) of 12a.
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Figure S52: HR-ESI-MS spectrum of 12a.
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Azido-2,3,6,2°,3°4",6 -hepta-O-acetyl-B-D-lactose (11)

"H NMR (600 MHz, CDCl3): & [ppm] = 5.33 (dd, 33J = 3.4, 0.8 Hz, 1H, H-4), 5.19 (t, 33J = 9.3 Hz, 1H, H-
3), 5.09 (dd, 33J = 10.4, 7.9 Hz, 1H, H-2), 4.94 (dd, 33J = 10.4, 3.5 Hz, 1H, H-3), 4.84 (t, 33J = 8.9 Hz,
1H, H-2), 4.61 (d, 3J=8.8 Hz, 1H, H-1), 4.49 (dd, 23J = 8.0, 2.0 Hz, 1H, H-6a), 4.47 (d, 3J = 10.2 Hz, 1H,
H-1), 4.14-4.03 (m, 3H, H-6b, H-6a), 3.86 (dt, 33J = 6.8, 0.8 Hz, 1H, H-5), 3.80 (t, 33J = 9.5 Hz, 1H, H-
4), 3.69 (ddd, 333J = 9.9, 5.1, 2.0 Hz, 1H, H-5), 2.13 (s, 1H, H-8), 2.12 (s, 1H, H-8), 2.05 (s, 1H, H-8),
2.05 (s, 1H, H-8), 2.03 (s, 1H, H-8), 2.03 (s, 1H, H-8), 1.95 (s, 1H, H-8). '3C NMR (151 MHz, CDCls):
O [ppm] = 170.44 (C-7), 170.40 (C-7), 170.21 (C-7), 170.14 (C-7), 169.73 (C-7), 169.58 (C-7), 169.17
(C-7), 101.21 (C-1), 87.81 (C-1), 75.88 (C-4), 74.91 (C-5), 72.63 (C-3), 71.09 (C-2), 71.03 (C-3), 70.86
(C-5), 69.16 (C-2), 66.69 (C-4), 61.84 (C-6), 60.90 (C-6), 20.91 (C-8), 20.84 (C-8), 20.74 (C-8), 20.74
(C-8),20.72 (C-8),20.71 (C-8), 20.61 (C-8). HR-ESI-MS: m/z for C26H35N3017 (exact monoisotopic mass
661.1966) [M+NH4]* calcd. 679.2305, found 679.2299. ESI-MS: m/z for C2sH3sN3017 [M+NHa]* calcd.
679.2, found 679.2; [M+Na]* calcd. 684.2, found 684.2; [M-GIcNs]* calcd. 331.1, found 331.0.
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Figure S$53: "H NMR spectrum (600 MHz, CDCIs) of 11.
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Figure S54: '3C NMR spectrum (151 MHz, CDCls) of 11.
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Figure S55: HR-ESI-MS spectrum of 11.

5.3Glycooligomer analysis
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HO-O ,,,,, Ho{} _____

5 HO  ou o HQ  oH
AcHN---ﬁ_/o” Q AcHN---{gg_/OH
~0 L—\N 0

N,

=N 5
N 'N_/_-O
=

f(
_‘L
(e
pu
-

G Lty et
~N YOS \o\ommmmmmggmﬁlvg 0 ¥ —
[SE=R=R-N TN O AM A g5 O W0 o
[ e B ot BN s [ I ot B+ 's BN o IR Ve NN o I o B o L Vs JNE S B o I oV IIES S o ) o wn w

5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

Figure $56: '"H NMR (600 MHz, D20) spectrum of (Fuc,GalNAc)[2,5]-6 (13).
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Figure S57: RP-HPLC chromatogram of (Fuc,GalNAc)[2,5]-6 (13).
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Figure S58: HR-ESI-MS spectrum of (Fuc,GalNAc)[2,5]-6 (13).
Figure S59: MALDI-TOF-MS spectrum of (Fuc,GalNAc)[2,5]-6 (13).
(Fuc,Gal)[2,5]-6 (14)
HQ  oH HQ  oH
HO-Q”,” HO  on HQ-Q,_,” HO  om
0 o
o HOM. OH o HOw- OH
L_\,N N=N OQ*’ B N=N GCS#
N, E\QA\VNI N\\]\?}wNI
N N
HN [+] HN™ ~O
o H o H o H o H o o H
HzN\I(!/\)LH/\/O\/\O/\/N\g/\)LH/\/NE/\)LH/\/O\/\O/\/NT\)LH/\,O\/\O/\,NW(\)LH/\/NT\)LH,\/O\/\O/\,NT

187




HDO

A o0 O [Ta)
O O O T WSS o MO WD 0 Io W T o
S o ® QAT 4T WA N M gMARO ST RO =
ol = =M =AW AT AN ACIOIM O N oo w
5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure S60: 'H NMR (600 MHz, D20) spectrum of (Fuc,Gal)[2,5]-6 (14).
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Figure S61: RP-HPLC chromatogram of (Fuc,Gal)[2,5]-6 (14).
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Figure S62: HR-ESI-MS spectrum of (Fuc,Gal)[2,5]-6 (14).
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Figure S63: MALDI-TOF-MS spectrum of (Fuc,Gal)[2,5]-6 (14).
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(Fuc,Lac)[2,5]-6 (15)
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Figure S64: 'H NMR (600 MHz, D20) spectrum of (Fuc,Lac)[2,5]-6 (15).
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Figure S65: RP-HPLC chromatogram of (Fuc,Lac)[2,5]-6 (15).
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Figure S66: HR-ESI-MS spectrum of (Fuc,Lac)[2,5]-6 (15).
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Figure S67: MALDI-TOF-MS spectrum of (Fuc,Lac)[2,5]-6 (15).
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Figure S68: '"H NMR (600 MHz, D20) spectrum of (Fuc,Sia-Me)[2,5]-6 (16-Me).
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Figure S69: RP-HPLC chromatogram of (Fuc,Sia-Me)[2,5]-6 (16-Me).
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Figure S70: HR-ESI-MS spectrum of (Fuc,Sia-Me)[2,5]-6 (16-Me).
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Figure S71: MALDI-TOF-MS spectrum of (Fuc,Sia-Me)[2,5]-6 (16-Me).

(Fuc,Sia)[2,5]-6 (16)
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Figure S72: 'H NMR (600 MHz, D20) spectrum of (Fuc,Sia)[2,5]-6 (16).
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Figure S73: RP-HPLC chromatogram and corresponding mass spectra of (Fuc,Sia)[2,5]-6 (16).
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Figure S74: HR-ESI-MS spectrum of (Fuc,Sia)[2,5]-6 (16).
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(Fuc,Fuc)[2,5]-6 (17)
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Figure S75: "H NMR (600 MHz, D20) spectrum of (Fuc,Fuc)[2,5]-6 (17).
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Figure S76: RP-HPLC chromatogram of (Fuc,Fuc)[2,5]-6 (17).
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Figure S77: HR-ESI-MS spectrum of (Fuc,Fuc)[2,5]-6 (17).
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Figure S78: MALDI-TOF-MS spectrum of (Fuc,Fuc)[2,5]-6 (17).
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Figure $79: '"H NMR (600 MHz, D20) spectrum of (Gal,Gal)[2,5]-6 (18).
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Figure S80: RP-HPLC chromatogram of (Gal,Gal)[2,5]-6 (18). The three observed peaks could be
explained due to the a/B-mixture of the attached galactose units.
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Figure S81: HR-ESI-MS spectrum of (Gal,Gal)[2,5]-6 (18).
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Figure S82: MALDI-TOF-MS spectrum of (Gal,Gal)[2,5]-6 (18).

6. Surface Plasmon Resonance (SPR)
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Figure S83: Inhibition-competition curves of fucosylated inhibitors 13-18 and a-L-methylfucose with only
LecB (200 nM) set to 0 % inhibition and maximal inhibitor concentration set to 100 % inhibition.
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6.1 SPR sensograms
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Figure S84: Raw data of measurement 1 (left) and 2 (right) from SPR inhibition-competition assay with
LecB and (Fuc,GalNAc)[2,5]-6 (13).
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Figure S85: Raw data of measurement 1 (left) and 2 (right) from SPR inhibition-competition assay with
LecB and (Fuc,Gal)[2,5]-6 (14).
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Figure S86: Raw data of measurement 1 (left) and 2 (right) from SPR inhibition-competition assay with
LecB and (Fuc,Lac)[2,5]-6 (15).
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Figure S87: Raw data of measurement 1 (left) and 2 (right) from SPR inhibition-competition assay with
LecB and (Fuc,Sia)[2,5]-6 (16).
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Figure S88: Raw data of measurement 1 (left) and 2 (right) from SPR inhibition-competition assay with
LecB and (Fuc,Fuc)[2,5]-6 (17).
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Figure S89: Raw data of measurement 1 (left) and 2 (right) from SPR inhibition-competition assay with
LecB and (Gal,Gal)[2,5]-6 (18).
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Figure S90: Increasing inhibition of LecB-binding with increasing amount of inhibitors 13-18 and
methylfucose. The curves result from editing attended raw data from SPR inhibition-competition assay.
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6 Conclusion and Perspectives

The synthesis of fucose-functionalized glycooligo(amidoamines) has been shown for the investigation
of carbohydrate-lectin interaction of two pathogenic lectins, the viral capsid protein P-dimer of human
Norovirus and the bacterial LecB from hospital-acquired Pseudomonas aeruginosa. These lectins seem
to be responsible for the bacterial and viral adhesion to the host cell surfaces and first steps of
infection. Although they are fast mutating microbs they exhibit overall four conserved binding sites
towards fucosylated structures that might be suitable attachment factors for future antibacterials and
antivirals. Therefore, in this thesis, the synthesis of monodisperse fucosylated
glycooligo(amidoamines) was developed and they were applied as model structures to gain
information about structure-function relations during the binding processes towards the targeted
lectins in different functional assays together with collaboration partners from virology and
enzymology. Previously established protocols for the solid phase polymer synthesis (SPPoS) enable the
synthesis of so-called precision glycooligomers, a novel class of glycomimetics suitable for the
investigation of structure-function relations in lectin binding.! After subsequent assembly of
tailor-made building blocks on a solid support and following carbohydrate attachment by solid

supported CuUAAC monodisperse glycooligo(amidoamines) can be generated.

In this thesis, fucose as important carbohydrate motif for the targeting of bacterial and viral lectins
was introduced for the first time during SPPoS. A set of monodisperse a-L-fucosylated glycooligomers
was synthesized with varying structural parameters based on known building blocks EDS and TDS as

well as an a-L-fucose derivative functionalized with an azidoethyl-linker (see Figure 15).
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Figure 15: Schematic representation of solid phase polymer synthesis of fucosylated glycooligo(amidoamines).
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The fucose side chains were attached through O-glycosidic bonds as can be found also in natural
glycoconjugates. Due to the overall biological function of fucosylation that serves as marker strategy
and depends on the fast and efficient attachment and removal of fucose moieties on glycoconjugates,
the fucose glycosidic bond is sensitive and therefore partial cleavage of fucose side chains of the
glycomimetic structures were observed in ESI MS and MALDI TOF MS measurements (see Figure 17).
However, the completeness of fucosylation of glycooligomers was proven by *H NMR and the stability
of fucosylated glycomimetics in aqueous solution could be observed even after several months by

RP-HPLC and 'H NMR.

In the first part of this work, homomultivalent fucosylated glycooligo(amidoamines) were successfully
generated adjusting precisely their valency, chain length and fucose-spacing for the potential
attachment to the binding sites of P-dimer and LecB (see Figure 16). These fucosylated oligomers have
been synthesized varying in only one or two parameters for good comparability of their binding
behavior towards the lectins. A first series of fucose-oligomers have been synthesized, differing in
valency but keeping the number of spacer building blocks the same to evaluate potential statistical
rebinding effects. In addition, fucose-oligomers were generated that bear only two fucose units with
different number of EDS-units in between to examine the influence of spacing onto binding towards
P-dimer. Spacing was also varied between fucose units of trivalent oligomers. Different spacing was
expected to impact potential clustering effects since the availability of fucose side chains as well as the
overall size of the fucose-oligomers might influence bridging between several receptor molecules.
Fucose-oligomers exhibiting a high fucose density on the oligomeric scaffolds but different sizes were
produced to give information about steric shielding effects and to evaluate the influence of fucose
distance but also the effect of increased fucose/scaffold ratio on potential statistical rebinding. In
addition, four negative control structures were generated presenting galactose instead of fucose side

chains due to low binding affinities of galactose towards the targeted lectins P-dimer and LecB.
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Figure 16: Synthesized fucosylated glycooligomers with varying valency, spacing and chain length.

The primary structures of the glycooligomers were designed based on the receptor proteins structures
and distancing of their carbohydrate recognition domains. In an all-stretched conformation, the length
between two fucose units attached to the backbone with no EDS-spacer-units in between would be
31 A. However, such a stretched conformation is not expected for the glycooligomers in aqueous
solution as their backbones should be rather flexible. Indeed, MD-simulations, conducted by
Dr. Andrea Grafmiiller, propose a coiled conformation for the glycooligomers which was also shown
previously for similar structures by fluorescence correlation spectroscopy.” Furthermore, the
distribution of distance between two neighboring fucose side chains was calculated to be about
10-20 A in coiled-conformation, independent of the number of included EDS-spacer units (see Figure
17). Dynamic light scattering, performed in collaboration with Jun-Prof. Dr. Stephan Schmidt, provided
hydrodynamic radii of about 12-13 A in salt or buffered solution, confirming the calculations from
MD-simulations. Surprisingly glycooligomers show much increased hydrodynamic radii in ultrapure
water of about 100 nm, most likely due to self-aggregation effects. The glycooligomers represent non-
charged glycomimetics with a predominantly hydrophilic character. Interestingly the addition of salt
prevents this phenomenon leading to the assumption that indeed hydrophilic contacts play a role
during these interactions. This self-aggregation behavior could be observed by several techniques but
is not fully understood to date. Nevertheless, the interactions of fucose-oligomers towards P-dimer
and LecB were conducted in buffered solution thus self-aggregation should not affect the investigation

of binding processes.
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Figure 17: Exemplary analytical data of tetravalent fucose-oligomer Fuc(1,3,5,7)-7: (A) chemical structure; (B)
MD-simulations of coiled conformation (calculated by Dr. Andrea Grafmiiller); (C) RP-HPLC and MS spectra
(water/acetonitrile (95/5) to water/acetonitrile (1:1) in 30 min); (D) MALDI TOF MS spectra with m/z for [M+Na]*
and corresponding [M+Na-Fuc]* lacking one fucose. *Relative purity as determined by integration of UV signal.

While the generated homomultivalent fucosylated glycooligomers already provide multivalent
glycomimetics suitable to address different bacterial and viral lectins, the natural attachment factor of
P-dimer and LecB is not fucose itself but these are fucosylated glycans like the histo-blood group
antigens (HBGA). In case of P-dimer the main binding motifs are the blood group antigens.®! In
addition, human milk oligosaccharides (HMO) are known to be bound from various human Norovirus
strains¥ while sLe? is thought to be the natural binding factor of LecB.! Unfortunately, the synthesis
of more complex carbohydrates is very time-consuming affording only low amounts of target glycans.
Especially the synthesis of natural glycans bearing additional functional groups for multiple-

attachment to synthetic macromolecules is very laborious.

Therefore, in the second part of this work, heteromultivalent fucosylated glycooligo(amidoamines)
have been generated to mimic more complex carbohydrate ligands, specifically the blood group
antigens A and B, sLe® and fucosyllactose. Due to the high flexibility of the oligo(amidoamine)-
backbones and the resulting undefined distances between the attached carbohydrate side chains a
new building block was developed. It reduces the flexibility between two linked carbohydrates to each
other within a linker unit while keeping the overall flexibility of the backbone the same. The new
functional building block iso-DTDS exhibits a carboxyl group and an Fmoc-protected amine group for
the introduction in Fmoc-based solid phase polymer synthesis. As side chain iso-DTDS possesses a

phenylene-branching unit with two alkyne moieties in meta-position with one of the alkyne groups
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carrying a TIPS-protecting group. The developed synthetic route is based on the synthesis of previously
introduced functional building blocks using an asymmetrical protected diethylene triamine derivative
(key intermediate) (see Figure 18).° This was used for the attachment of a precursor benzoic acid
derivative equipped with TIPS-acetylene and an alkyne functionality in meta-position. During the
synthesis a rearrangement step occurs when exchanging the protecting groups. It was possible to drive
this isomerization to completeness. Thereby the rearrangement could be incorporated into the
synthetic strategy resulting in the final building block with defined stereochemistry, suitable for solid
phase synthesis. The chemical definition of building block structure is essential for the synthesis of
sequence-controlled monodisperse glycooligomers and further structure-function-relations during
their binding towards lectins. One disadvantage in the synthesis of iso-DTDS is the requirement of
column chromatography for two steps during the synthesis. Therefore, a major improvement of the

synthesis could be to evaluate suitable parameters for the purification e.g. by crystallization.
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Figure 18: Synthesis of bi-functional building block iso-DTDS. Reprinted with permission from K. S. Biicher, P. B.
Konietzny, N. L. Snyder, L. Hartmann, Chem. Eur. J. 2019, 25 (13), 3301-3309. Copyright © 2019 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Iso-DTDS was then successfully applied in Fmoc-based SPPoS with 95% coupling efficacy by a double
coupling procedure to generate oligo(amidoamine)-backbones. To gain heteromultivalent glycosylated
oligomers, in the following a consecutive carbohydrate(1)-coupling, TIPS-deprotection and again
carbohydrate(2)-coupling procedure was performed. The synthetic strategy gives simplified access to
heteromultivalent glycomimetics, requiring only low amounts of the azidated carbohydrates (2-3 eq.).
A cleavage procedure for TIPS was already described by Toonstra in 2016, in this case using a
self-constructed resin.”? The group of J.-F. Lutz reported a similar method for the construction of

functionalized DNA-analogs but only post-functionalization could be accomplished. Due to the harsh
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cleavage conditions during TIPS-deprotection this was not performed on commercial available solid
supports in phosphoramidite-chemistry.® In this work, for the first time, TIPS-deprotection was

performed on a commercially available Tentagel-resin with Rinkamide-linker.

With this method, six glycooligomers were synthesized applying iso-DTDS and EDS consisting of four
heteromultivalent oligomers with fucose and an additional carbohydrate (Gal, GalNAc, Lac, Sia) per
side chain and two homomultivalent control structures with either fucose or galactose units
(see Figure 19). The overall geometry was kept the same for all heteromultivalent glycooligomers to
examine the influence of each additional carbohydrate in combination with neighboring fucose.
Indeed, fucose is the main binding epitope but a general assumption is that during HBGA and HMO

binding to P-dimer and LecB other carbohydrates make further contacts in the binding pockets.

This versatile methodology for the synthesis of heteromultivalent glycooligomers enables the
attachment of different carbohydrates at the end of the synthesis. An advantage of the generated

structures is the high proximity of the carbohydrate units as mimicry of more complex glycans.

Previously heteromultivalent glycooligomers were achieved by sequential building block coupling and
carbohydrate attachment steps or by the usage of different types of functional building blocks that
could be used for the orthogonal introduction of carbohydrate side chains at the end of the synthesis.
These concepts allow for the defined positioning of different carbohydrates along the oligomeric
scaffold but due to the coiled conformation of glycooligomers with flexible backbones and linker

structures the overall relative positioning of carbohydrates remains undefined.
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Figure 19: Synthesized glycooligomers using iso-DTDS as functional building block. Adapted with permission from

K. S. Biicher, P. B. Konietzny, N. L. Snyder, L. Hartmann, Chem. Eur. J. 2019, 25 (13), 3301-3309. Copyright © 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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With the new building block iso-DTDS the introduction of more rigid linkers, shared by two different
carbohydrate ligands, enables the more defined relative presentation of carbohydrates multivalently
on the oligomeric scaffold. Similar ideas are known from literature for hetero-functionalized
polydisperse glycomimetics.””! In most cases they used very flexible linker structures that do not avoid
the local separation of the carbohydrate side chains causing undefined distancing between the

attached carbohydrates hampering structure-function-relations.

In future the developed strategy could advance the synthesis of sequence-controlled glycooligomers
by generating a TIPS-protected TDS-building block. This could improve the synthetic effort of
heteromultivalent oligomers and enable simple access towards specific functionalization patterns with
various carbohydrates along the glycooligomer scaffold. The new building block could further be used
for non-carbohydrate ligands or in combination with these. This might be an opportunity to influence
binding in a new fashion, since a first ligand could trigger binding of the neighboring second ligand as
it is known that lectin binding sites can also interact with non-carbohydrate units. In addition, potent
non-carbohydrate moieties evaluated by fragment-based screenings for binding partners towards the
corresponding lectins could be attached and combined. The fragment-based presentation might

further simplify the evaluation of capable inhibitors.

After their successful synthesis, all homo- and heteromultivalent glycooligomers were subjected to
different binding studies with P-dimer and LecB in close collaboration with other working groups from
virology and enzymology. Both lectins possess four known binding pockets for fucosylated
carbohydrates with different and relatively low binding affinities (Kp ~ mM) towards a-L-methylfucose
in case of P-dimer (distances of binding pockets about 11 A, 6 A and 10 A) whereas LecB exhibits a
higher affinity towards a-L-methylfucose (Kp = 0.43 uM) and larger distances between the binding

pockets with up to ~40-50 A (35-37 A for neighboring binding sites respectively).

To begin with, the interaction between homomultivalent fucose-oligomers and the viral P-dimer has
been investigated by native MS measurements performed by Hao Yan and Dr. Charlotte Uetrecht, STD
and CSP NMR conducted by Robert Creutznacher, Dr. Alvaro Mallagaray and Prof. Dr. Thomas Peters
and co-crystallization experiments performed by Kerstin Ruoff, Dr. Turgay Kilic and Dr. Grant Hansman.
The major finding, confirmed by all binding studies with P-dimer, was that only one fucose unit of
glycooligomers can bind to the receptor, independent of the valency, spacing between fucose side
chains and overall size of the oligomer. However, the interaction of glycooligomers with the P-dimer
takes place with a fucose side chain and not with the oligomeric backbone as determined e.g. by
epitope mapping (see Figure 20, left side), evaluating the glycooligo(amidoamines) again as suitable

tools for the research in multivalent binding mechanisms towards lectins.
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Figure 20: Results from STD NMR epitope mapping with tetravalent fucose-oligomer and P-dimer, performed by
R. Creutznacher and Dr. A. Mallagaray (left); co-crystallization with P-dimer, conducted from K. Ruoff and Dr. T.
Kilic (right). Adapted with permission from K. S. Biicher et al, Biomacromolecules 2018, 19 (9), 3714-3724.
Copyright © 2018 American Chemical Society.

Furthermore, monovalent negative control with one galactose side chain did not show binding to P-
dimer as expected. CSP NMR measurements showed that the interaction of fucose units takes place
with the same amino acids in the binding pocket of P-dimer as in case of natural ligands like pure a-L-

methylfucose.

Although binding of P-dimer towards fucose is generally weak, most fucosylated glycooligomers bind
strong enough to the lectin receptor to be successfully crystallized in complex with P-dimer
(see Figure 20, right side). The dissociation constants of all homomultivalent fucose-oligomers are
determined to be 200-400 uM by native mass spectrometry, exhibiting a 2-3 times lower binding
affinity compared to the natural ligand HBGA B tetrasaccharide (110 uM) (see Table 1). In comparison,
STD NMR results have shown that o-L-methylfucose binds about 40 times less than HBGA B
tetrasaccharide. That leads to the assumption that the glycooligomers might enhance the overall
binding towards P-dimer. Due to the fact that even monovalent fucose-oligomer binds as good as
multivalently functionalized oligomers no statistical rebinding or chelation effects seem to promote
the interaction with P-dimer. At higher concentrations of divalent fucose-oligomers the binding of a
second glycooligomer molecule to the receptor could be partially observed. These oligomers exhibit a
smaller size in comparison to most other tested fucose-oligomers due to the overall smaller chain
length but also to less valency as proposed by MD-simulations. Overall, these studies showed that
fucosylated glycooligomers are able to bind P-dimer, however, glycooligomers could not yet make use
of any multivalent effects creating higher affinity glycomimetics. Based on the current findings, this is
mainly attributed to sterical hindrance and therefore next generation glycooligomers could be based

on smaller e.g. branched scaffolds.
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Table 1: Results from native MS measurements with fucose-oligomers and P-dimer, performed by H. Yan.
Reprinted with permission from K. S. Blicher et al, Biomacromolecules 2018, 19 (9), 3714—3724. Copyright © 2018
American Chemical Society.

Concentration
glycomacromolecule (uM)
100 150 200
Averaged number of

Glycooligomer Kpz (LM)?

itc:ir:frz: glycooligomers bound to
one P-dimer
S Il 3050 1 1 1
e 310 +90 1 1 2
P4 S va—— 240 + 60 1 2 2
L S - 340 + 130 1 1 2
AN —a 290 + 90 1 1 2
NS 380 + 100 1 1
e AN 3020 1 1 1
cacacacacacn| 2400 £ 600 1 1 1
L ; 370+ 90 1 1
HBGA B 110 + 30 2 3 3

Fucosylated glycooligomers have been further investigated in their binding towards LecB by surface
plasmon resonance (SPR) and a modified form of ELLA (mELLA) in collaboration with Nikolina Babic
and Dr. Filip Kovacic. For this purpose, first a suitable setup for an inhibition-competition assay in SPR
measurements had to be developed. The main problem is the strong interaction of LecB towards
fucosylated structures. During a direct binding assay, conjugating LecB to the chip surface and
incubating with different concentrations of fucosylated glycooligomer, the oligomers could not be
removed afterwards. This strong interaction reflects the difficulties to dissolve the hardly disruptive
biofilms from Pseudomonas aeruginosa. The opposite assay allows for the complete destruction of
LecB on the chip and enables reproducible measurements, though the life-time of sensor chip is much
reduced in this assay due to accumulation of LecB and LecB-oligomer-complex. The applied inhibition-
competition assay is a versatile method to investigate the binding of glycomimetic constructs towards

LecB and has been shown the first time with SPR measurements.

The main result from binding studies is the enhanced inhibitory potential of fucosylated
homomultivalent glycooligomers with increasing amount of fucose side chains on the binding of LecB
to a polymeric fucosylated surface. In SPR measurements, a linear binding enhancement could be
observed with an about 2-3 times increase in inhibitory potential per fucose unit compared to
methylfucose while the variation of spacing with one up to three EDS-units within the three trivalent
oligomers did not influence the inhibition (see Table 2). These findings are in agreement with results

from literature, also confirming the validity of the SPR assay.*%!
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Table 2: Results from inhibition competition assay of SPR with homomultivalent fucose-oligomers and LecB.
Adapted with permission from K. S. Biicher, N. Babic, T. Freichel, F. Kovacic, L. Hartmann, Macromol. Biosci. 2018,
18(12), 1800337 (1-8). Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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‘ 1 ’ (1) DC)C)‘-A-)@CXD

MeFuc 1 381 +47 1 il Fuc(4)-7
1 1 130+ 12 29 2.9 (2) é é
2 2 65t6 5.9 2.9 Fuc(3,5)-7
3 3 366 10.6 3.5 (3) C:)é@é(:)é’(:)
4 4 3615 10.6 2.6 Fuci24.8)-7
5 6 2243 17.3 2.9 (4) é»@f-)a:s%»;:é»
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5 Snchniil
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aNumber of fucose units on the oligomeric backbone. ICs, values determined 2 2 g
by three independent measurements with standard error of the mean value (7)
(SEM). Relative inhibitory potencies (RIP) based on MeFuc, RIP = ICs, Fuc(1,5,9)-9
(MeFuc)/ICs, (glycooligomer). 9Relative inhibitory potency per fucose unit of g g
oligomer (RIP/n). (8) cal35)7
al(3,5)-

Results from mELLA assays show an about 30 times increased inhibition by the hexavalent
oligomer (5). However, a trivalent (6) and a tetravalent (4) fucose-oligomer exhibit the highest
inhibitory potential per fucose. These oligomers have one and two EDS-spacer units between the
fucose-side chains and the same overall oligomer length. Although MD-simulations predict no
influence of EDS-spacing on the presentation and distancing of fucose side chains in the secondary
structure of flexible oligomers, these three tested trivalent oligomers showed significant differences
in binding behavior in mELLA. At this point, this finding is attributed to the different set-ups of the
binding assays with the SPR assay looking at preincubated ligand-receptor complexes while the mELLA
assay looks at in situ competition between the glycooligomers and the glyco-functionalized surface.
Further studies e.g. by light scattering should be performed to further evaluate these findings and the

potential influence of the oligomer conformation on receptor binding.

SPR binding studies with LecB and fucosylated heteromultivalent glycooligomers with two fucose units
and two moieties of a second carbohydrate (galactose, N-acetyl-galactosamine, lactose or sialic acid)
did not show further enhancement in inhibition towards LecB. Homomultivalent control structure with
four fucose side chains surprisingly did not further increase the inhibitory effect compared to
homodivalent fucose-oligomer (2). At this point, this is attributed to a decreased availability of fucose
side chains of the heteromultivalent oligomers, hampering the interaction with LecB. The overall
observed increased inhibitory effects, especially in case of homomultivalent fucose-oligomers, are not
attributed to chelate binding as this would lead to higher binding avidities per fucose unit but might

be reasoned by statistical rebinding and by the influence of released water from the binding pockets
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during the binding process. In literature especially dendritic fucosylated glycooligomers have been
identified as high affinity ligands for LecB.!%*2 Nevertheless, the presented homomultivalent
fucosylated glycooligomers exhibit higher inhibitory potencies than similar flexible oligomers
previously presented in literature.'” Therefore the presented studies of glycooligomer binding
behavior towards LecB give important information for the development of next generation
glycooligomers as potential LecB inhibitors. Finally, to gain first insights into their potential
antibacterial properties, a first in vivo test looking at biofilm formation of P. aeruginosa in presence of
the glycooligomers was conducted by Nikolina Babic and Dr. Fillip Kovacic. All fucosylated
glycooligomers could reduce the amounts of biofilms of about 15-20% and showed a 2-3 times better

efficacy than methylfucose (7%).

Overall, applying solid phase polymer synthesis glycooligo(amidoamines) presenting fucose in their
side chains have been created giving access to precision fucosylated glycomimetics. In addition, a new
building block was developed that enables the introduction of different carbohydrates in close
proximity and thus generating an additional parameter to mimic complex glycans on the oligomeric
scaffold. The here synthesized fucose-oligomers showed high potential not only as model structures
to evaluate glycomimetic binding mechanisms but also in biomedical applications as shown by their

interactions with viral and bacterial lectins.

Further developments based on the findings of this thesis should aim at increasing overall affinities.
Fucosylated precision glycooligomers could be polymerized or attached to nanoparticles generating
higher valent systems with different structural characteristics that could be tested for their binding
behavior towards virus like particles (VLPs) of Norovirus. To further investigate binding mechanisms of
single P-dimer the affinities and potential specificities of heteromultivalent HBGA-mimetics should be
evaluated. The fucosylated glycooligomers can furthermore be transferred to multivalent HBGA tri-
and tetrasaccharides presenting glycomimetics by enzymatic extension. To reduce the degree of
freedom for the glycomimetics during the binding process the investigation of more rigid structures is
in progress, thus fucosylated oligoproline helices can be tested. To explore the interaction of new
compounds, a hemagglutination test might be an applicable binding assay for both lectins. For the
successful disruption of biofilms of P. aeruginosa degradable fucosylated glycooligomers could be
generated that might incorporate into the biofilms and dissolve them after an external trigger. The
generated knowledge about structural influence for binding can subsequently benefit the
development of suitable antibacterial or antiviral drugs. Their requirements would in addition demand
further chemical transformations, as e.g. their stability against enzymatic degradation could be
achieved by substitution of the glycosidic bond. In addition, the effective targeting of infected tissues
could be induced. Furthermore, it would be necessary to evaluate if the backbone structures are

metabolically harmless and investigate their pharmacokinetic behavior.
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